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i fuzma, mt ahe mnugim to; wma« i,ife, i’ the yﬁa‘u ahad.

PREFACE

During the iast- five years with the: advent of the artificial sateilices
the space resenrg‘h prograu has developed into che of wan's msgor eoordimted
s\.iént‘fic. and’ engincering endeavm'sp it is bighly mropziai;cf at; this time

co Jook- 1nco the usulta whic‘uﬁhawe beené aachmad the plm f.or tha imgdinte

mnge of 1n£ormt£on among aeiuntiatn and engimarl nctively wbtkﬂ.g in séaat L.
A

rasaaz:c.h, and, two, to htins infcmatton ‘and stmlabim to selenusti m
engineets pa‘rticularly in educltiuml 1nstitutions, wha mv not 'qw be e.‘n-
yaged in this field. 'me vast mgnitnde of the’ spgce reaurch effoz'- réndars
each of these objectivel extremely cmticn._ Wi.eh nev discovertes and tech~
nological advaneea coming so rapidly, comrunication often lazs behhd, Rﬂ-
ports are freque’atly delayed or lacking. !xpertn may be upaware of pertimt
esult by other experts. Even when repforts are available, time may limit the
feeaibilicy {or a scientist or. engi.neer to read, digest, and organize all re-
1¢vaut information Particuhrly is t'.h:s difficult for cne not actively eﬁgaged
{w £ major way in the £ield. There exist large awounts of réw or partinlly re-

duced da*a which migh: be profitnbly utilized by te iching“*du!’ch poopln if

* their interest can be ntimulated and 1f sourcen ef 1n£umtion c.an be brpught

hafore thém, Stimulating and informing thase people way, perhapa, be evap

gore important in its effect on the students trained by tham. Tt i: frem the.

: idﬁuﬁaml {nstitution that.the laru." mmber of new sclentists and éng'ig;g,a_ri

80 dea-penﬁ,ely needed in the ng%isn's space arqqu'a:ch effort murt comeé.

.,
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-To meet these objectives,. the~ conferauce will bring togeétheér the re~
- cognized leaders in the field, from this cowtry and atroad, " and others

’ ‘ . fron sci&ntiﬁc research centere and educational institut;s.om to 'acq\xaxnt

i : thqm with the’ probleéms, fi.nditxgs and mst recent asccomplishments of interest,

B ]

A N It is felt that. this wﬂl pravide a mgaus for wider dissma,nation of. infor-
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AFTER NOW, WHAT TREN IN SPACE?
By
Homer E, Newell

National Aeronautics and Space Administration

INTRODUCTION

It isAindeed a pleasure and an honor to have the opportunity to give
the introductory lecture to this conference on artificiasl satellites, :he
subject of the conference is a matter of very active concern in todayv s
world, and conferences such as thisg play an important role in speedily
disseminating the meny scientific and technological reﬁuits stemming froy
the spcce program, Such is the preadth end pace cf the space effu.t that
space symposia are remarkably, indeed sometimes sgazinglﬁ, replete with
new and exciting results, It needs but a glancé at the program for the
present conference to-arouse great expectations for thefnexg few days,

In c0mposi;g &an introductory lecture, there is aiways the task of
deciding what the lecture ir to do., One can take the traditional approach
of reviewing in perspective the broad area to be covered in detail by the
speakers to follow, Such an introdvstory lecture serves a useful purpose
of oriencing- the audieﬁce toward the gemeral subject, and of setciﬁg the
stage for the ensuingnpaperg. However, the use of satellites for explor-
ation, scientific investigation, and aéplications,lalthough 8till degerving

of the name "mew" is no longer ar unfamiliar subject. It is not likely,

therefore, that this audience needs, or would care to endure,’aueﬁ an cri-

entation 1eétufe.

FRapg S

P S s v DAL IR, 550N e e thics ¢

LSRR W - R AL 4.2 S SN St s at AN et B s

Ne5 15481

b
ST X

ST i Ak

o
i

N

“l,

9o, D

e
B

A L

G
-

-
o

/

£ 1
[ \{'-A‘(

Vageihon, e
b A

=




e e

“*

bm‘mmﬁ’w s o

I.2-

Tt would appear more useful to attempt to set the stage for the later
talks in a somewhat different fashion. Recognizing that the general subject
is a familiar oné, and that the individual speakers will through their spe-
cific papers illustrate far better the character of current activity in space
than can be done in any o:her way, it would seem useful to take a lock at
where 511 that current activity is teking us. If used wisely, to gein éer~
spective, such a look into the future can provide helpful guidance for our-
coaduct of the present, ’ 2

I propose to ask simply the guestion, "What's next in apace?” and to
attempt to search out some possible answers., Before pr-oce‘eding, however, .
pléaae pernit me a word of caution. Mamy of the tepics touched upon will
be in the nature ¢f future possibilitircs, not presemt plans for futuve pro-
jects or pfograms. Deci givns will have to be wmade in the futura t$ select
from zmong the abundance ¢f choicus,

My premise, then, is that you are all more or less fawiliar with whag
is now under sy 1p the space program, You are aware that scientific invesc-
iget: ons are being made with sounding rockets, satellites, and deep-space
probes to explore'tbe earth, i*s atmosphere, aud outer space, You know that
9:acti§a1 app]icatiéns of space knowledgz and technology, for gxample, met eQr=
ological snd communications satellites, are under development.‘

The entire world is consciocus of the man-in-space progranm, and you, I am
sure, are aware of the fact that the primary objeciive of such a program is to
develop the capability of man to operate and do things in spece, and that the.
means by which this is teo bé accomplished<is to send men to the moon, .

You are also avare of the fact that the Department of Defenss is working

on applications of spate to developing and maintainiﬁg our military streangth,
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that we mzy never be found wanting in any capabglity requirea to maintain

our freedc: and our safety, Also, msny of you are conscious of the fact

that this brcad activity in space is undergirded by a program of advanced B
research in fundamental science and technology, carried out both in the
National Asronautics and Space Administration and by the Departmeat of
Defense, to ensure our contiauing capabilgty to move forward along the
most promising avenues of exploration, science, and application,

The outcome of this brcad pregram which occupies the early years of
the space age, will be of far reaching consequences for our country and
for the world, From the scientifi; and technoulogical cesearch will come
precious additions to our stockpile of kncwiedge, As the fountainhead of
tnose technical apd engineering marvels that fill the scene today, such ‘
knowledge is vipghtly esteemed ia today's world, Among those technical and
engineering narvels are space applications, both civilian and nmilitary, the
significance of which can be immeciately appreciated,

All of these are very important and valuable outco@es of our investment

in snace., But more important, far more important, is another outcome,

THAE SIZL.FICANCE OF THE PRESENT FOR THE FUTURE I§4§EACE\
Ont of this broad activity in space w@ll come the ability 6£ the United
States to use spacc Lud to operate in space either as it ray choose to do
voluntarily or may find itself compelled to coperate im its own defense, The
development of our ahility to opwrate in space, including manned.space flight,
gives to our country another dimension in which to meet the chalienges--both
opportunities and threats--of the future., We ﬁan do engineering in space, -
advance éur scinee in a waylthét cannot be accomplished at the surface of

the earth, and extend the range of practical applications for the benefit of
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man, And, if nccessary, we can thwart the attempts of any ememy to use space
against us,

In this day and age we cannot afford to ignore this lasat point, In our
own self interest, and for the safety of our country, we cannot permit others
to develop space capabilities that we camnot mstch, and that may therefore
be used disastrqusly against us,

This is a capaoillty we must have to ensure our survival in the space age
as the independent, self-determining nation that cur forefathers set us up to
bg, and that we have always insisted on being.

This fs‘the capabilfty thut we shall have from the development of thg
ability tc investigate scientifically with satellitei and space §robes, from
space ‘applications, frum the ability to perform mannéd space flight and manned
space operations, from the vast complex of manufacturing and sssembly plants,
launching compl 2xes, tracking and telemetering facilities, and from the inval-
uabie axperience that this initial stage in the space program will give us,

This is the most <ignificant point about the present era invapace. This
is the wost important aspect of the preseat activity in space,

We are now laying the.groundwork for whatever role we wmay have tu play in
space in the future, We are ensuring tha; no one will ever be in a position to

use space against us while we, helpless and frustrated through lack of the

,néceasary space capability, have to take what comes,

- In evaluating the space program, one must never lose sight of this broed
a;pect} It is this that gtVes'the effort its urguncy, and its compelling nature,

The sum total of science, gpplication, technology, manned flight through space,

. training of manpower, development, Construction and operation of ficilitiea, the

atrengthening of our military position in the world--which add up to oir ability

[ S
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to choose our own destiny in space as we have done on earth--that gives to
the space program its great value and importance to our total well beiné:

Those who argue that we should dispense with the frills Af science aund
space exploration, and concentrate on the necessities of military develop-
ment, forget that we can't really say what the military necessi-ies in space
will be, “Our crystal ball is not that good, aad it would be foolhavdy to
prétend that it 1s. We do not wish to develop a Maginot line in space, only
to have it flanked by farces of greater flexibility. We need to develop in
a broad way our space capability so rthat we shall have the ability.to move

in any direction required by future events to meet any threats along whatever

V-

lines they'may4§eviiop.

To do otherwise would be like the perscn who decides to learu to play the
piano, but eschews practice of the fundamentals, and goes directly to lzarning
some difficult piece that he likes, Not only will he'have unnecessary diffic-
alties in lecarning the composition, bu; once ﬁe has learned it that will be
all he can play. In contrast, the individual who goes st fundamentals ftrsé
will, in due time, be able to play in stride not only that piece but also all
others of comparable difficulty,

Those who single dut any‘bne aspect of the spece effort and say that that
alore is not worth the required expenditures in money, materials, and manpowver,
mgy well be right., Nevertheless, it would not follow that the space program,

or even that single aspect, should be junked, For, to repeat, it is the great
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breadth of the program, its coatribution to so many adpects of our  scientific

and technological strength, in other words, the totelity of the spaze effort,

o

that is so important to us both {n the present and for our future,
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‘Now, having firqt.looked at the future ia thé broad general terms of the
significance of present space activities, Jet us consider future possibilities
in a more specific way, With your permission, I shall confine the discussion to
space science, Indeed, one of the principal products of our developing ability

to handle ourselves in space is new and exciting scientific knowledge about space,

PLANETS

Artificial satellites have given much information about the grsvitational

\ properiies of the earth, by enabling the scientist to determine with consider-

able precision the value of higher harmonics in the earth's gravitatiomal
potontial, From these, further important informatlon has been deduced about
the internal gtructure of the earth, It is very easy to predict more of the
same, the further studies of satellites will give further infornaiion about the
solid eartﬁ and its gravity properties,

But the exciting futur: of this technique may well be in the study of otler
bodies of the solar system, The wmoon is particularly attractive as our nearest
neighbor in space, a8 a triaxial body for which fhere is considerable uncertain-
ty about the distribution of matter within its volume, Satellites orbiting about
the moon will afford the lunar geodesist with a rich harvest of information that
he is not likely to ¢btain in any other way,

’ Then, in the more distant future, there are the other planets, Sateliitea

about them will yield details that will never be obtainable from purely earth-

' " based observations, An intriguing problem {8 4fforded by the fact that the
apparent oblateness of Mars as observed optically Qiffers markedly from the
oblateness as determined from mechanical considerations. One may expect still

i - other interesting gravitational problems to turn up as satellites are employed

to investigate the planets, .
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When instrumented capsules, or observatories, can be landed on the planets,
geophysical exploration of them can begin--to be consummated perhaps by the land-
ing of human explorers in the course of time, Experience on our o;n earth, plus
experience gained from both manned aad unmanned_explotation of the moon, will
contribute to the succers of later planetary ventures, The e¢xploration of the

moon, of course, is brought tc focus in the Apollo Project,

PLANETARY ATMOSPHERES

Knowiedge about the ~arth's atmosphere has been tremendously extended by
means of sounding rockets and scientific .satellite:, including the TIROS meteor-
ological satellite, Spatial and temporal variations in pressure, density, tcm-
perature, composition, motions, ionization, radiations, energy influx and efflux,
have all been measured Ly means of rocket techniques. Here again, it is easy ¢o
predict that continued studies of the earth's atmosphere will continue to produce
important gnd sometimes surprising results,

But tlie new harvest-in the study of planetaxy atmospheres will come from the
application to the other-planeis of techniques that have been so well developed
for earth, Already some boginnings have been made in the case of Venus. Mariner
11 measured surface and cloud top temperatures, which have also been measured in
part from the ground, In addition, some indication ' i temperature variations
across the planetary disc were obtained., But almost the full ta;k 1~mains yet
to be done, What are the clouds of Venus? What is the composition og her atmos-
phere? What are the spatial and temporal variations of atwospheric parameters
throughout the Venus atmosphere?

What will comparative studies of the Venus atmosphere with that of the

earth show about their origins =2ad evolution? What about the Venus ionosphere,

ard aurorzl and airflow activity? It has been suggestad by a gumber of people
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that the bistatic radar techuique offers much prowise in the study oi Venus,
That is, with an illuminating vadio antenna on the earth and a receiver in the
satellite about the planet, considerable information can be obtained about the
planet’ ., atmosphere, and especially its ionosphere.

As the most likely planet (o harbor é}tznserrestrial life, Mars' atmos-
phere is of especial interest As in the case of Venns. the compositivn of
the atmosphere 1s an imporcant question to resolve, The white caps observed
¢ } on the polcs are presumed to be very thin layers of frost. If this assumption

N is correct, then there is water on Mars, The question then ari::s as to Low

i much water exists in the atmosphere. Measurements made from the vicinity of
earth still leave much to be desired, and there are those who flatly contest
the validity of any of the answers given so far., The correct answer most likely

will come from balloon observations in the vears immedirstely ahead.

SRR v

A haze that inhibits observation of Mars at the blue end of the spectrum ic

generally present, Occasionally this baze lifts briefly in what is referred to

g e

as the "blue clearing." %hat causes this haze is certainly intriguing, and may .

| ane v,

be important, in the study of the red planet.

Again, a comparison of the Mars atmosphere with those of Venus and the
Earth should be valuable in studying the origin and evo}jution of planetary
atmoapheres,

s

In the more distant future of the space program there lies the possibility

.
B~ S

Gt p .

. W of investigating the major planets, such as Jupiter and Saturn. Jupiter is likely
to be the first to receive attention, because it is the nearest., But it is also

probably the most interesting., Totally unlike Venus, Earth, ani Mars, Jupiter

L e
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. s consists largely of hydrogen, heijum, ammonia, and methane, Temperatures below
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the outer atmosphere are presumed to be very cold, so that the main constituents,
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although normally gaseous, are solid, Yot some of the radiations from the
Jupiter atrmosphere which include thermal, lightning burst, and syachrotron
types, appear to ccrrespond to high temperatures of thousands or tens of
tbousandslof degrees.

The source regions of these high tempergture radiations doubtless lie
in the upper Jupiter atmosphere, What is the true nsture of rhese radiations?
How are they generated? What is the energy source?! FEnormous energies are
sometimes involved. It has beer stated that Jupiter is one of the strongest
sources ofi radio waves in the heavens, and that the intensity of the storms
which generate the rudiation are equivalent to the repeated explosion of a one

megaton hydrogen bomb every second.

(R P

A perennial source of interest and puzzlement is the giant red spot, vary-
ing in size, but roughly 15 thousand kilometers across, What is its origin, p

the nature?

LAt mAE L L op

The very different nature of the Jupiter atmosphere may well require quite

TR GRS

different techniques for study from those used in investigating the Earth, Venus, 3

and Mars, Even if the same techniques prove fruitful, tre arswers are certainly i

going to be quite different,

INTERPLANET  3PACE ,
One of the most exciting products of the early years of the space program ‘
has been the investigation of the earth's magnetosphere and interplanetary space,
Both have been found to be markedly influenced by solar activicy, and a study of
then has necessarily required a thorough investigation of the emission of charged
particles and magnetic fields from the sun, With the appearance of the satellite
and the deep-space prube the subject has virtually exploded vwith new information
and food fur thought, You will hear about some of the ¢ results from speakers to

s

follow,
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We now kno’u that mterplanetarv space, at least in ihe region bttween
Venus and lln:f, is filled vith a wind of particley blcwitc ocutwerd from the
mm; with cnergies ch;tacteristlcally in the several hundred electron volt
re=ge,s The steady stete value of the 1nte_rplanetary mayn:tic field appears

tc be very low, chﬁracteristically a few gamma, Solar activity constan’tly

nodifies this intexplanetary medium, by 1njecting into it high eneryy yar—

“

7 _ tic1°s and mgxetic tongues, which dtsturbancen in the cas: of solar flares

_ ¢can agsume vast dimensions béfore they dissipate,

The scla: vind éxstaxta the earth's magnetic field by compressing it on

) _the sfde ' md the m snﬂ extending it by a. factor of two or wore in the anti-

. 1: in a sxah‘factory st.ate., uYor As far *im:o the future as we can now see the ‘
toad aheaL is, paved with more questions than answers, We have still to pin .
dm the dlrectionali g of the interpianetary field, and its spa\:ial and temporal
changes as;zoe /4;&3 with solar activity. - Even today, the question as-to exacaly
hoa so:l«t enétzy cart!.eé By solar particies and fialds is injected into the

/

mﬁ‘s m{gnetosphefe is untesolvéd. What for exmple, is the role of hyaro-

;,f &L‘

& ‘met.ic \hve: in this ﬁroces.;?

:'ue ﬁm yet ca comple.fe a s\m‘fey ¢f the mpetospbere, which clearly plays

ff» a faminating toientn the sﬂ.ar terrestrial %exatiouships. A study ol the 1ater-
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the sun to investigate solar particles &nd fields iﬁ the vicinity of their
origin, where we may find clues as to how chey acquire their great energies
and how they are ejected from the sun, Some theorists estimate that we sust
come well within a solar radius of the surface of the sun to begin to pry open
the secrets of the solar flare pi:oc'ess.
Looking the other way, we may wzli ask where ie the boundar)f between rhe
) interplanetafy and the interstellar media? Or in:ieed, ig there aﬂy marked bound-
ary between the two? Perhaps the interplanetary medium merges into the inter-
stellar, If there is such a bounda:y, ig it within a few astronomical units of
the son, OFr many -tens of astronomical units? How doezits position vary through-
out the solar cycie? » o
And what about t’he other planetsa What kind of magne.to'sphereé do they have?
Already we lmow, from Hari.net II, that Venus uay have at most a weak mgnetw“
sphere. Az a conaequence, the 1nf1uence of the solar wind amd interplanetary
magneti¢ shock waves on the Veuus atmosphete must be quite different both

quantit:atively and qualitatively from their influence on tl_:e earth's atmosphere.

B SR

IFE IN SPACE
’ Certainly cne of the most exciting posa1bilities in space exploration is

that indigencue 1lise may be found thece. Mars is the most likely candidate.

<13 gt YA B AN s

Bailoon observations in the 1nfrared have detected emissicm bands character-

s w2

~istic of the carbon-lfydroge:_q bond. Such emissions mav, of course, come ftom

the non-living ﬁateﬁ.ala. On the other hand, éhey may 'cm!;e from bio}ogical

1 e e A Sy

molecules, which is a highly provocative thought.
. Tbe possi_bii'i‘ty of -finding life élsewhere in the sola:r'system is eo im- )
portant to the study of biology that we must be ve_v:‘s" careful sbout the course

¢f our expiofutidn of Mars, 8Steps must be taken to protect’ the ﬁlmét from : ‘ ‘
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undesicable con*amination before we have been able to take advantage of the
Oppottunity’to investigate any life that may exist there.

Stould life be found .on Mars, it iz quite likely ¢ be fundamentally
similar to thct on earth, Nevertheless, it may Le sufficiently different to
provide, by comparison, extremely i{lluminating information about the iLature of

physical life,

ASTRONOMY

The study of the moon anc planats might properly be included in the subject
of astronomy. So also mignt be the study of comets, cometary atmospheres, sster-
coids, and other bodies of the solar system. 1Msny of these investigstions of an
- gstronomical nature will doubtless vield very excii:ing end far reaching results.
Nevertheless, the gre'ateat uttm\mic:al events in the future will probably come '
from the investigation of the sun and stars in those wavelengths that camnnot be.
observed from the ground. ' | ﬁ

* ;‘ﬂth solar and sstronomicel satellite ebservptoiiea are being constructed
to take sdvantagerof these excicing 'opportuﬁities: and a3 you will hear in the
program of this conferegce, resuits have al_r'eady been obtained from the fi;:st
solar ohservatory. - - -

These /observatg:ties afford man tie ability to make observations in \;ltra-
violet, X~-ray, gemma ray, "infra_red s and radio wavelengtﬁs that have hi_thertc;
been inacceagible to the aatronomér on the grdund. Theory shows that some of
the most important fundamental infotnm_:ion on stars liesg in _these wavveléngtha.
Por exmmple, the greatest source of icformation on stellar birth and‘ evolution
lies in tl_xe‘ultrw_j.tl)let portion of the stellar spectrum, in this very con-
néction, one may refcr‘ ;:o results of the Goddard Space Fiight CGmter_wﬁich

have shown that uitraviolet intemsities of very hot stars observed from sound-

ing rockets depart very greatly from what had beeu predicted,
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CONTROLLED EXPERIMENTS IN SPACE

Although much of the space science program involveg observation of
naturally occurring xp—ace phenomena, nevertheless, there is now the poséi-
bility for the scientist to perforg experiments ~n at least an interplauztary
scale, It is quite likely ’.:pm: such experiments will become a significant
part of the space science pr;agram as the future unfolds.

Experiments to study the nature of gravitation and relativity meat read-
ily come to mind., A number of researchers are already thinking seriously of
the pessibilities of ueing gravitational clccks, in srha:h the timekeeping
element is a dease orbiting satellite, to compare gravitaticnal and nuclear

time, aad to search fcr long-term changes in the value of the Newtonian grav-

itational constant.

CONCLUSTON
By way of recapitulation, the most significant rzesult of our curvent
activities in space will be the establishment of our capability to opérate

and. function in space, with such flexibility that we may determine our own

(-

eH:

destiny in space. This will permit us to select from a wide range of exciting

possibilities what we do next in space, Among these choices are meny that come

under the liea.ding of space science, The investigation of the earth and its

gravitational tield leads on naturally to the investigation of that of the

e

moon and pldﬁets, The study of the earth's atmosphere lays the groundwork -

for future study of planetary atmespheres and for im:.ercomi;arisons' among them.

The investigation of the earth's magnetosphere and interplanctary space

develops quite naturally in at least three different ways, First, one is led

in toward the sun to the vicinity of its surface; decondly, out from the sun
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toward the interstellar medium; and, thirdly, one is }ad to the atudy cf the
megnetospheres of other planets and their relationship to the sun and the
‘nterplavetary medium. Life in space may prove to be one of the most im-
portant aspects of space science philosophically, particularxly if extra-
terrestrial lifc is discovered, Amorg the most exciting opportunities are
tiwse fsund io astronomy, where the range of wavelengths accessible to ob-
servation is extended by the satellite to include gamma rays, X-rays, ultrsa-
violet light, infrared and radic waves that do not zeacﬁ the eaxth's surface.

Finzlly, controlled experiments in space to shed further light on the fund-

amental nature of the universe are ncw possible, the results of which could

conceivably lead to entirely new concepts.
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VELOCITY DEPENDENCE AND SOURCE SPECTRA

OF SCLAR PROTON EVENTS

BY
FRANK B, ﬁcnonam ‘
NATTONAL AERONAUTICS AND SPACE ADMINISTRATION
GODDARD SPACE FLIGHT CEWTER

GREENBE.T, MARYLAND
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VELOCITY DEPENDENCE AND SOURCE SPECTRA
OF SOLAR PROTON EVENTS
by
Frank B. McDonald
;
It has become clear from recent satellite me;surementsl’z that solar §
protons can be transported from the sun to thé earth in three distinct ways t .
in addition to thé~d1rect way sometimes observed with cosmic-ray monitors

at ses 1eve13, We wish to describe these four modes of propagation and then

show how the velocity dependence of one of these modes makes it possible to

’%ﬁ&%. i?i?,-ﬁ PRSI ged s

%

determine the energy spectrum of the particles at the time of release frmm‘

the sun,

We classify solar particle events consisting of radiation with energy

above 1 Mev into four distinet classes, The distinction between the ~2lasses

[ N

depends upon the way in which the particles are transported from the sun to

the region of the earth, The first two classes consist of particles that

arrive at the earth in a manner determined by narticle velocity; the first !

PR

o S

' class consists of predominantly highef-energy anisotropic particles that
arrive after nearly a direct transii and the second class consists of those

. that arrive after a diffusive propagstion; the third class consists of those
that arrive in & manner determined by the motion of enkarced solar plasma;

the fourth c".ass coneigts of those that depend upon the rotation of the sun,
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Typical delays between the occurrence of a solar flare and the arrival at
the earth of particles in these four classes are different, The delay of
the first class event 1s close to the rectilinear transit time for highly
relativistic particles and is therefore only a few minutes, The arrival.
time delay of the secord class depends upon the rate at which particles
propagate through interplanetary space and so varies with energy up t» a
number of hours, The typical delay for‘particles in the third class is
not a function of energy since particles of all energies arrive with the
enhanced solar plasma responsible for Forbush decreases and geomagnetic
storms; it is the transit time of solar plasma across one astronomical unit,
ﬂ that is, about two days. The fourth class event takes place near the time
of central-merid’an passage of a plage region responsible for a flare and
solar particle events of the other clasges during the previous solar ro-
' tation, Thas fourth class is closely acsoclated with long-lived solar
streams, The delay between the parent flare and the arrival of these par-
ticles is not a function bf energy since particles of all energy arrive with
the plaswa stream, The delay depends upon the solar longitude of the parent
flare and may therefore be as long as one solar rotation, or 27 days. Figure
1 shows the times of occurrence of events of the latter three classes seen
by Explorers XII and XIV during parts of 1961 aand 1962, Four sequences of
events arz2 avident, No events of the first class were seer with sea-lavel
monfitore during these (.ime intervals, Figure 2 shows the variation ir’ in-

tensity of interplanetary protons of energy greacer than 3 Mev during a

<
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sequence involving all the three classes of events seen, Superimposed ou
the ifatensity decay of the velocity-ordered event of 28 September is the
plasma-~associated event of 3U Septempber, followed in turn after 27 event-
free days by a recurrent event on 27 October.

We now confine ocur atrention ro several velocity-ordered events ob-
served on Explorers XII and XIV, We show how it has been possible in these
events to decerwinc separately the infiuence of the propagation medium and
the form of the energy spectrum of particles releared from fthe sun, that is,
the source spectrum. These deductions were made possible by the fact that
differential energy measurements could be made outside the magnetosphere with
the quipment carried by these satellites.

A striking velocity dependence was shown by the solar protén event of
28 September 1961, Thie is shown by Figures 3 and 4, Figure 3 shows in-
tensity vs, time profiles for various differential energy components. The.
abscissa is in units of hours from the time of the flare. Figure 4 shows
the behavior of the intensities of the same differential components of the
event but thic time plotted not as a function of tiue but as a function of .
distance travelled. The cvistance travelled is simply the product of particle
velocity and time from the flare. The intensity curves of the various com-
ponents have been vertically scaled to giv: the best fit to a2 common <urve,
The physical meaning of this normalization will be examined furtber belov,

We note from Figure 4 that all components lie very closely on a common c¢urve.

We may interpret Figure 4 as 3 measure of the probability tbat a particle
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dwuld t:nvel a gi‘ven distance before reaching the eerth from the sun. The

- f‘act zh&t we have euentially a common curve showe that pattie}es of £l
. g .' .
,enengies travzlled a szivem path lengrh with equal probabili!;y,,, This is trye t

for aIi pa..h lgugths to r.he extent: that the various .omponenta ol Figure lo

. h‘;aa n:L & cmn cme. The stat.istical distribution cf path length :ravened

2.

) ﬁ“cleatly -8 progetty of the ptopagation nediun of interplanecary space. .ve -

T
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frew the source characteristics because, for example, the medium zould be
changing as the particles are propagating through it. Im facc, s;me soliar
events may thereby be combinations of evepts of our first three cacegories.
Although our observatioms indicate that solar proton intensities in some
cases depend very closely upon'the first powerrof velocity, a choice between
veliccity end rigidity dependence cannot pe made from these data alone, There
ai?~%hdicati;ns from earlier emulgicu measurements of so%ar proton and algha

intensities‘,:however, that velocity depeudence is preferable. :

PR

We discuss now the physical wmeaning of the scaling factors used tc con-

struct Figure 4. Let us consider the relative intensity of two,bompouenés

-

of the event., We have éeeordgd %he’intensigies nﬁt a8 a function of time

but as a function of distance travelled and found that tﬁé ratio of in-

X -

7,

tensities iz essqntialiy:constanc over a range from 2 astronomical units to

173

wore than 100_a9ttonomicél units, There is nothing to suggest that an

-

éxtgapolatiqn back to zero digpance is invalid.  The ratio of the intensities

of two components at zero distance is, by Qéfinition; a measure of the shape

el 2R (IR AN AR IRINALPES a1 Vg 1.+ Ko & B 4 e

of the source abgéttuﬁ. Figure 5 shows the sourcc'spectrﬁm>optained directly
from the e¢aling factors used to prodﬁce Figure 4. The sowce spectra of
" two other events.analyzed.in a similar way are alsc shown. The ordinate

‘of Figure 5 is arbitrarily chosen to be the maxi s 1n§ensity_rehched at

S Qdeddens AR s

- the earth. The differential intensityés shown are proportiocnal to the ab-

solute differential intensities of protons produced at the sun an' retain,
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therefore, the same spectral form, but tnc ~oustant of roportionality
depends on the geomatry of propagation, which is unknown, {For example,
since simple diffusion theory fits this propagation curve through maximum
intensity, the numerical solution it gives for the source intrnsity is of
the same specitar {orm, but that sclurion ie for diffusion in 2n infinite,
isotropic shheve, aréd is probably not a meaningful one,)

We note from Figure 5 fhat the source spectra are cormsonly very well
represeiced by p&wer laws in kinetic emergy. This fact prompts us to put
forward the atgument,—based purely on 2esthetic grounds, that the amount of
matter traversed by the solar protons after acceleraticn was less than the
range of 1 Mev proton, that is, about 1 ﬁilligyaﬁ cm'z. t seéms highly un-
1i%=21ly that an excess production ¢f lower-energy protons would so exactly com-
pensate their absorption in an amount of material greater thao their range
such as to produce so simple a form’of source spectrum,

interesting feature of these events is the existence.of small-scale
deviations from a coﬁmon curve, Superimposed on the generally ve;ocitﬁ-
dependent intensity-time profiles are fluctuations wiich are nearly periodic
with the same frequency énd phase over the entire energy range studied., These
fluctuations are ev}éent in the velocity-ordered events discussed above, but
are more striking in the 10 September‘1961 event which showed no velocity

dependenée and was no doubt influenced by greater interplanetary disorder.

Figure 6 shows plots of some sample intensities and indicates the periodic

fluctuatiors; 1In this event the period is about 1.5 hours; ia other events
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the period is slightly different. Since the transit-time dispersion over
the energy range studied is significant, the fact, that in any given event,
the fluctuations have the same pericd and are in phase at all cnergies shows
that their ovigin is local, We suggest, therefore, that they reflect the
magretic field structure in local interplametary space, but we as yet have

no explanaticn for theis periodicity.
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. 1. Yew Evidence for Lung-lived Solar Streams in Interplanetary Spdce,
é; D. 4. Bryant, T. L. Cline, U. D. Desai and F. B. McDonald,
‘ Phys. Rev. letters, 11, No. 4, 144, (15 August 1963)
1. Explorer 12 Observations of Solar Cosmic Rays and Buergetic
'Storm Particles after the Solar Flare of Sepiember 28, 1961,
D. A, Bryarnt, T. L. Cline, U, D. Desai and P, B, McDomald,
J. Geophys. Res., 67, No, 13, 4983, (Dccember 1962)

3. Observation of a Short-Lived @osmic-Ray Solar Flare Increase wi*h

M,

a High-Counting-Rate Meson Detector,
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R. A, R, Paiweira and K. G. McCracken,

Phys. Rev. lLetters, 5, No. 1, 15, (July 1, 1960)
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Hydrogen, Helium and Beavy Nuclei from the Solar Evunt on

November 15, 1960,

G

S. Biswas, C. E, Fichtel, D, E, Guss and C, J. Waddingtcn,
o ‘ J, Gecphys. Res., 68, No. 10, 3109, (May 15, 1963)
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Siace 1958 a series of m-casurements has been made oz the earth's

gravitationa‘z‘. field by the aid of art:i ficial satellites, ‘l‘be earliest

N

T et f'd'v:Fxvwmﬁfmwiawwméiﬁ@ﬁf&‘&s%ﬁmﬁ?ﬁf

iy

papere iu these snrie‘, apart from the very preliminary inaouncement by’
b

L. Jacchia in Harch of 1958 was the iearly simultaneous announcemenc

the Summer of 1958 of the esrth"s flatuening by Diercks et, al., at Army

¥ap, Cornford in Eng’and and Buchar in Czechoslovakia. Thesc apnounce-

ments were collected by Nevell arnc Cormier (1960). Tae workfhas been

brought 1o fruition by the efforte of D, G. King-Hele in England (1963),
Rozai at che Smithsorian Astrophysical Obse:vaioty (1962), and especially

by my colleague, William Kaulz (1963}, a tie Theoretical Division at the

Goddard Space Flight Centexr. On the {irst slide we see a presentation of

Kaula's results based on a sphercid with a fiautening of 1/299,8,

The. study of the implications of these rncow measurewents begins with

the paper by my colleague, S, W. Henriksen at Aruy Map. (Newell and Cormier,

1960) Henriksen éhowed-thét if the observed value of the E]attening of the
earth is ccmbined with the measurement of uhe luni.solar gprecessioun then it
is possible to calcu-ate the polar moment of inertia of the earth; ¥rom the
polar moment of imertia it ié possible to calculatz that valee of the flattening
which the earth ﬁould.h,le if it were in hydrostatic equilibriu&. The pro- .

ceass is, 1in fact, rather ;imple; the standard theoriea of the flattening

¢
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of the gzarth lead directly from the valuve of t;,he polar meaent of inertia to
the.preﬂiéteh flattening. Th; situation "has become somewhat confused over

‘the last fiftﬁ' years becaﬁae until vecently it waas not pos'sibls: to determine

the polar woment of inertis-in any satisfactory observational way. As a re-
sult, iF was custons:; tc make the assumprion, which until 1938 was quite
asatisfactory, that the actual value of the flattening coipcidked with t.::be~ ’

va_lue 1 edicted from hydroséaiic theory, within the errors of observations,

If this assumption ié made, and i.f we use the luni-solar precession then we

find that the flatteaning of the earth should be 1/297.3. This vaiue is> often
incorrectly spoken of as the hydr&stéﬂic value of the flattening, It would be -
such {f the earth were in kydrostatic equilibriuﬁ with the’ observeji Av'alne of

the 1uni~;blar precession. fhe situation is wildly analSqus to Whistler's
;mrk that {f silicon had been a gas, he would havg bec_m & An_;ajcr general,

1 _ In faect, ‘the measured flattening of 1[ 298.21; mear 3 that we are nct ia

! hydrost;tic,equiiibrium and that the @ydrostatié value mustlbe determined
directly from the polsar moment of inertia, The latter is found chservation--
ally fron.a the mea;ured vaics of the ’flattening and the ovserved value of the
precession, When this ig done we find-, as Henriksen bointed out, values near
1/300,0 and, in facf, & value of 1/296,8 ‘eems to be a close a;;proximition.
The calculation when made by H?nr;ksen‘s algorithm is net seriously dis-
turbed,by the fact that the earth is not in hydrostatic equilibrium, The
failur. of the cblatenesstof therearth to agree with its predicted value

by one part in 200 imp}ies @ change in the polar moment of inertia by omly
about one part in 100,000, Thus it is entirely conaistgnt to calcu1a£e the
hydrostatic value to four eignificant figures :wven thoughﬁhenmét start from

an earth which is slightly out of hydrostatfc equilibrium, ~
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We have come to our first geopfxysical implicstion, namely, that the
equiiivrivm value of the eartn's fi.ttening is near 1/299,8.

Let us now examine the meaning of the drpressions and ridges whiclk we

see on the mup which represents Ksula's work.. The largest feature is clea}-

1y the difference batwcéz the actual flattening and the hydrostatié flattening. 1
\

The implications of this fﬁr the im-tet constitrcion of the earth have been b
studied by Munk and H:.cnonald who conclude that it ic apparently due to a , 7
slowing dewn of a rotation of the earth Recently, direct evidence of l:he
slewing down of the rotation has been obtained.

The poin" is that the less rapid rotation demanded a lesser ﬁatte.nxng, but 5

the u:rth han not quite keﬁ up

has sufﬁ.cient internal —echrnical strength to maintain a non-equilibrium fi.g— j'j
‘ : Y

ure over a considerable lepgth of time (some 50 millicn yea:rs, according to /,/
G. J. F, MacDonald (19@)). ' The only alternative to the idea that the earth.”
possesses <the necessecy mechanical stremgth is the hypothests that these
1tregularities in c’igur‘e are support;.ed somehow by convection currents, The
» conveétion current explanation is especially vnacceptable for the second
' harmonic becat.se it would be experted or general physical grounds that o
second harmoaic convection current would be weaker than the corresponding
In fact, it would be ve.y difficult to start convection

s

currents corresponding to a second harmonic in the mentle becausze of cheir

third harmdnic.

shallownecs as compared with their great size, Other explanations may be

- offered for this second harmonic, but in a brief speech of this kind it is

_not possible to develob them fully, -

with-this cnmz,e. Thxs implies that the earth “
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What can be said with assuraace is that this harmonic is 40 teméorary
feature of thelearth'x'surface. -It corresponds ton clevations and deﬁ:essions
of hpndreds of weters in the seatlevel suriace, Moreover,‘since ¥he digturd~-
ances of the terrain>wﬁich are required to produce a given alteraticn of the
sea lavel suriace are larger by a factor of t;o or more than the changes of
the sea level surface itself, it would require wovements of many hundreds of

meters in the land surface to remove them, On the other hand, the most rapid

koowr mcvements are at the rate of abcut ten centimeters per century, These

~are far from coordinated; hence the deformations which we are speaking of must

have been in existence for hupdreds of thousands of years gt least, They are
irreconcilakle in ﬁa;tieuiar with the picture of plastic aeformatton which are
presentéﬁ'by Heiskanen and Vening Meinesz (1958), p. 369. According to ;hese
aucthors a second harmouig deformatiod should collapre in a thousand years,

" Neither is it reas&nable to think of these deformations as resulting in
some way f;om the egolidification of the earth frem a liquid body, Solidif-
ication would pregumably have cccurred in » spherically symmgtricalrway.
There might conceivably héve‘been perturbations due to ellipticity but there
should not have been perturbations which depend on longifude. In some way cr
other these irregularities must result from the action of mechanical forces
on the 1nte;iqr of the earth, and veryllikely from forces acting aftgr>the

earth had formed its core, since the plasticity required for the formetion

" of the core seems inconsistent with the mechanical strength here involved,

1f we trace the history of the earth-moon system backward in tine then
the laws cf celestial mechanics tell us that the moon steadily approaches

the earth, At the sam. time the earth's rate of rotation becowes faster
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as wé go back, We have suggested that the non-equilibrium value of the b
. flattening was "a survivor of the time when the earth rotated more rapidly,
ean we g0 back in imagination to a till n;ore re:ﬁote time and attempt to
explain *the cther harmonics?

It turns out that if the earth once revoived once in ebcut 3 hours, it
tended to develop an ellipsoidal shaée which nct only possessed a flattening
but for which, ir additicn, the equator was vut of round, Such a figufg is
séoken of as triaxial; three unequal axes could be conétructed iﬁ the body.
Two gf thése would be in the plane of the equator while the third an& short~ -
est ;culd be the’polat axié. :This problem was ext;néiygiy’fregtéd by:ﬁénf
celestial mechanicans from the time 6f Jacobi, who éiséusaéd this curiote
behavior of a rotating fluid through Poihcare, G. H, Darwin, Liapéunév and
in our time, Lyttleton. — A o

A Darﬁin's time it was felt very diffiéﬁlfttéﬁundersiand the origin of
the ;;on hecause he believed thst the lnteraétions in the eagth-moon system
would trénsfer angular momentum from one body to ancther but couié no'. ex~
- pert or iméort angular Qomentum with respect to the system as a whole, There
are, it is true, solar tides but the action of these is much smaller than
that of & lunar tide, Dafwip (1898) caléuléted their ef}ect and showed
tuat it was ucterly insufficient to change the system as a whole, In more

recent times, however, it has been repeatedly pointed out that angular

womentum may be transferred by the interaction between the gravitational

field of the earth and that of the smr-ounding medium or the ﬁlasma in the -

surrounding medium, A somewhat naive approach to the problem ls presented

\by R, H. Wilson (1956), Wilson was arguing on the analogy of the retar&ingi
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forces expected on the Vanguard sateilits by the zarth's megnetic field.
He forgot that in a large solid body like ghe esrth, curronts will be in-
dnced whiéh.will prevont the magnetac field ftoﬁ‘penetgsting into the
incerior of tne earth, The process is sgomathing like the skiQ effect in
which rapidly alterrating surrents are-confined to the surféce’of a con-
duitor, The diurnal change of ghe magnetic field which would be produced
by a conducting ;arth rotating in a planetary magnetic field is a slow
alternation by human standards bu; arvqryrquickvaltetnation by cuﬁparison
wvith the earth's self 1ndué§£on, An a result the effect of an external
gravitational field on the earth ig much less than a naive theory would
‘sugssst. It is probably insuffieient to retard the earth setiously.
;;hﬁx '] time when the eartn wis moie d*uturbed than now, it 1is con-
cei;able that the zotation mighc have been retarden by the expulaion gf
plesma from the 1onosphere. The plasma which is ejegted this way will
tend to roia;; thﬁ the same angqlar velocity as the-garth as loug éa it
is in the eacrth's magnetic field.‘ This property of co-rotation means that

a8 che plasma gets further from the earth it tskes up a disproportionate

amount of ‘he earth's anéular momentum, When it is finalxy released it

has_ slight!y reterded the earth's motion, Present day plasmas in the
neighborhood of <ok carth are Appareﬁtly far tuo temuous to have much

effect this way, One can calculate the if this angular velocity were

- fed into the whole amount of the volar wind as it nassed the earth for

four and a half billion years the net effect on the angular momentum
would gtill be entirely negligible, Ou the other hand in ancient times

both the sun's magnetic field ant' the earth's wagnetic field and the
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plasmas may have been and very likely were much more substantial phencaena.
The question is oue w; ich many physicists are now studying and I thick it

is legitimats to hope that & solution vill be found ant 10r our purposes to

put this problem aside,
A'mngt ihtéresting question thch can be asked at tSis time point is

wiat Liiggered the separation of the mcon fco@ the earth? Since the moom - 4

bas a density like the mentle of the earth it is logical tofaag?me that it ?

sepgrated from the earth after the fprmatian-o£~£he eagth's core, Is this

possible?

Tneré are several difficulties involved in the idea of the fisgion of
the asith. Theae~h§ye bgeu'qnit clearly ﬁéousht out by Lyttleton (1933),

Lyttleton aimed most of his fire at the ngg%é@rtha:‘dqpbbe stars cé#lqvhave

- been produced by the fissicn of aingle bodies, This idea s no longer enter-

tiiﬁéd by anyone; we gil agree that the stars are gaseous in nature and thia
in turn implies that rotational Ereekué of stars will take place by the e-
jection of matter from the equator in & thiw ring, rather than by(@ivision
into two bodies as Jeans (1919) pointed out, Lyttleton also pointed oui that
atvieion igto two nearly equal bodies is impnssible, ﬁt.leaat in_th@rqa&e of
homogeneous bodies, bacause the angular tomentum of the resul.ing pair of ob-
jeccs would exceed that‘;f the initial cse, Thise difficuléy h@lds unless, the
ratio of the magses cf'thé bodies i8 more than chree to one, The difficulty
does not persist however for wuch smaller bodizs, ‘ ,

A third problem which Lyttleton saw arose from the fact that the angular

velocity «f votation of the single body is greater than that of a pair of‘ :

bodies in the vloseat possible proximity to each other, He zoncluded that it
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a small body should eé’cape from the main .cne it would leave the whole system
permsnently and would esvape to infinity, Yowever, betweén these twvouextrenea,

namely, the infinitesimal bit which escapes to infinity and th.e" even diviston

into two parts which haven't enough angulér momentum to wske a clear'sepﬁra-

tion, we can re‘aéonébly expect” that there will be a place for fission into
two fragments which orbkit A'EO_\-‘x‘i: E;gxe ancther in the manner considered by Darwin,
In Wis long study of this problem Jeans ; yinted out thac the siellar case,
nawely that of bodies which will bréak up by the ejection of a ring of mziter,
is ap;iroachgd by bodies whose ¢t .tral mays ,candensation is very great. That
is to say, the 13&5‘h|;¢zr' the matter s on the cutside éompérfed’to the core, the
less the i:“eudmcy"is ;:o divide fAto two bodies, This is Iugicgl- 1f & rapidly
rotating planet should resch the point whe:e pare of iu atmosphere spll led out
into space we wuldn t expect to see it ban up fnto a eampaac masé ano 8 off
making like anoi akr planet; ut if the spilled outer part-ig dease‘tz:en its self
attre~vion will be strong and s;n)' Jump whick ‘forms on it will sttract other
varter and temd to geow until eventually it détaches itself, |
Now the queeéi&h is, whéi:her the dutet part of the earth is sufficiently
dense so that {t would detach itself 2s a lump or not? Jeans has given a 7

measure of thiz :endenéy in terms of the ‘so«‘cgnad,golftrcgtc‘iggex. The

, polycropic index,’ n, s related to the ratio of specific heats (heat ar

tonstant prossure d ivided by heat at ccmatant volume) which would exirc 1n

an imaginary gas ucnvectins and heving the observed deunsity distribution, In
fact, n = ;—i—i . PFor our purpous we may say that it is an arbitcury gsnmeur
measuring the daﬁree of central condensaiion, Jms‘ has demoustrated that i€

vy 1is more than about 2,2,; i.e. the polytropic. index less than 0.8, the body

.
~

connd by
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will break up by fission into two parts, but if it is greater than 2.2,

the body will break up by equator1a1 rjection of mattar. ¥oat polytropiv

| o T,

" index should we tgke‘for the earth! )
Perhgbs the mcat logical way to caléulnte the pclytropig ip{ex,.th§§‘
is the effectivé cancentrafion to the centeri is ta caLculate the eurth”ﬁ
wmment cf Anertia and find out whrt polytropic index would giVe the moment
of inercia. we find, by n: -mecical integration in Emden's :anle that the
moweat of inertla of the earth corraspcﬂda to that of 8 bodv vhcae pbly-
,ropic index is elizhtly ‘less than 0. 5, it £ﬂllowa tﬁat it is on. the ti&e
of the hamogeneous bodies and wilk 1 bmak up, it at: al}, by ﬁn&m. ﬁlevﬂg
. th*s puint dasefves furfhet tmrewwuom. S
J We s.m back ra the mum« questibn, wul Lhe mtim oj t.he ,ee/re
“-help or uwinier the pracess ¥4 Btﬂlﬁup? On the, one hand the- foxmation of .
the core wii‘ reduce the monest of tnertia of the earrh Haavy aate:ini b
noves’ in toWard tba center of the earth as che core tf formed ol 13 diuJ
places 11ghter meterial outwerd so that the net effect is s reduction im,
mement of iner:ia., Since the angu%nr mnmen;um,which is conaeryﬁé'ig the
product of the moment of iaertia b&’the‘angnlar,yelocx%v,‘it folldw;.;h;t
the angular velocity mnst increase, and this ot itself ;uuld *end Lo de«h

a;ahil se the na*th, making it iiable to fission. On ;pe other h&nd, the

A

mere concontration of magu ‘to the center as;ertn 3 stu&il ziug etfsgt pl*—
ticularly agsinsm thi: formation of 8 }asobi ellipsoid as we auw befare.
Which of theae two tendencles will win outl )

_ It turne out when we caleulste uging- the repultn «f Jaans fnr an eg!;h

wﬁoon Aensity varies according tn the law p = pg'sz :hnt the e;xth xamin
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fact destabilized by the fcrma..un of. the core, I-‘s»r this reascn we can

fmagine that the earrh was at £irsc » very vapidiy rotating hcwogeneous
ﬁass._ In tisis mass the ccoling which cesultau 15 the early radioactivity
" decayed, pe’rwitl:eii a sei;’aratiori A.\ thz firon from the stonz2 and hence the
formtion cf the cora, “Up to this point the earth had been stable, though
perhaps only raxr~ v ,tame, bui with the formation o7 the corc a Jacobl

- eliips‘oid ‘;hs éxS&ucad whicl: extended it=elf end evertually tore apart to
5. )

fom the earth aud the mon‘

,:--/{aust priot to the destruction of the aacobi ellv_psoiﬂ the earth's mass

mst have underbme a reui:striuu‘ion ive vhich po”tions moved outwatd in pre-~

».:4, - - -

e paratxen Eat the spla.t.ting '\ff A!. thi"s time t.xé’ moment of inertia of the

';v

e..rth ws: have mcremf;ed and hence 1t Bngular velocvy must have decreased

’1he process is snmilm to tnat vlhlch is used to reduce the arigular velocity

“of a sp'i,mihg_ z:atellite.',by 'releasing a partmn of it, " \s a consequence,

B —ti_;e'-ncon, when relezsad frow the earth, may have been travelling with a
- vélocicy lens than the ,veloci:y £ esc:;pe axd so may havz beer retained in

':/omt arumu ‘the ea;th

~ At tlus time the 00 3 and the eacth each raised very large tides in che

’

e bther "!L\v-e—véz,‘as‘ the earth shrznk *ac% toward a less extended mars its

aogular velocity tended to .ncresse, At first, its velocity of rctation rud
the moon's ireloci,ty of revolution coincided. If at this time the mcon was

. S A o
in.dn ecceptric orbit, then the moon ran shead cf the tidael bulge on the

earth vhen tee woon wag near its porigee and ran be%ind the tidal bulge in
sthe Quif‘er"portion of its orbit near apogee/. As 3 result, the moon was re-~
i,tardedl’i'fear.\pari e anyd zccelerated near apogee, Darwir nas shovn that the
a i T - -
N :

-vi'rx:'gsult of these twe attions Js to diminish the cccentricity of the moon's
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orbit, Quslitstive}y, the argumea: is >lear emough, If the quy is retarded
when nesr perigee this will tend to lower the apogee, as in the femiliur ase
nf a satellite in g decaying orSit. The acceleratinn at apogee on the other
hand :eﬁds to inicrease nll of the orbit except the apogee portion, which zlear-
ly ~annot chauge.because the action of a'force is to cause a change of velocity

but not an instantaneous change of positicn, Thus the apogee acceleration Lends

tof:aise the porigee snd the perigee retardation ro lower the apogee and toth

to feduﬁe the: eccentricity, The orbit thus becomes progzessively more and more

_:rohnd and retreats steadliy from the earth, ss Darwin pointed out long age,
’,;pving to the lags pfoduu%ﬂ-by tidal friction. - There is a critfcal—disténce

beyond which the effect of tidal friction is&;o»increase rather tham to de--

crease the eccent_i-icity. Since the mocn 1is well outside:-thst distence its
eéééptticif} is n;w probabiy increasiné and has Seen iecreasing fcc a long time,
‘A difficulty which is oftes Lrought up against the‘fiséio# fheery of the
origin of the mooa’is based on the concent of the Roche limit. This concept [
assgr:s‘that a satellite'#hich hag the temerity to venture within approximately
2_1/2 radii -of thé'primary will be torn apart by Eidal friction. This'is true
for & very small zatellite, but fog.arlarger ore there is an influence of the
mitual gravitational attraction which serves to stubilize the situation. The

tides raized in the primary, especially i€ it is rotating rapidly,. attract the

matter of the secondary’particle toward a pavticular léngitude in the orbit

and ir this way preseyve it againstwthe shear actioas which would otherwise

tear it apart. The matter has been very carefully gone into by both Darwin -
and Jeans; there can be no doubt that when the primury and se.ondary co-
rotate it is possible for them to be very close without destruction of the

secondary.

[PEEY TR TR
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In tracing the further history of the mwon we should note first the

remark of Bpik (1l961) rhat the moon does not have regions in which the :raters

are systematically cistorted, It fcllows that the crust which we are now look-

ing at must have been formed after the moon reached what is substantially its

present distance, In fact, Opik says the present surface of the moon was pro-

duced after the moon had got to a uistence of more than 30,000 kilometers from

the center of the earth,

The remark ig comfcrting sirce it indicates that some action perhaps of

a volcanic nature refashioned the moon's surface after it had got to a sub-

“stantial dist-nce., This agrees with the indications that we get from the

hypothesis that tektites are from the moon, If this idea is right, there
have been large eruptions of .olcanic materials during the last few hundred

miition vears. The tektites indicate that the moon's surxface which we now

see is not at all a primeval surface,

May I close by saying that these remarks cswnot ciaim to be an established

" theory, fhey may, however, serve to illuminate paths along which further re-

search can profitably be conducted.
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THE EARTH'S ATMOSPHERE - DENSITY
by
, D, G, King-Hele

" Royal Aircraft Establishment

Summery ,’gﬂf 41/ if;}zl

After an introductory review of the entirz atmosphere, this
paper discusses air dqnsity'and its variations at heights of 200- . -
2d00 k;, as révealed by analysis of satellite.orbits ana by other .
methods, The atmospheric density at these heights vatiés greatly ] -
in responseAto solar aciivity: at 600 km height the density de- 7
creased by a factor of 30 between 1958 {sunspot maximum) and 1962
(pear minigum), Demsity also varies strongly between day and night,
the meximum daytime valve exceeding the minimum nighttime value by

a factor of up to 10 at some heights,
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1. Introductory

The atmosphere used to be looked upon as a thiu shell of air
clinging to the Earth on its journey through the ‘'perfect and ab-
solute blank' of interplanetary space, and it was thought that
artificial sa:ellites, if they ever became reality, would move
'outside the atmosphere', In fact,ﬁ the coming of satellites has
enormously emhanced the prestige and importance of the atmoéphete,
by showing first that it extends out to 10 or 15 Earth radii, and
second that at its ovier boundary it is being battered by the hail
of charged particles which constitute the Sun's atmosphere, -

This, instead of looking on the atmosphere as a thir and
trivial covering of the Earth, we can rather regard the Earth as
a small nucleus in the vast volume of the atmosphere,

This island in the ocean of the air, )

to adapt a line of Shelley's, And the atmosghere's cOntiQual strug-
gle against particles from the Sun st its outer boundary is a drama
which engages our interest, because it is a battle to ghield us from
the lethal effects of solar particles; when the Sun breaches the
boundary, the atmosphere shows it has been wounded by putting on a

display of the aurora (though not all aurorae are red]),

2, A general picture of the atmosphere

Any attempt to draw a diagram of the entire atmosphere is per-
haps retber foolish, because it is bound to provoke disagreement:

nevertheless Fig, 1 {s such a diagram, and it must be emphasized
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that it reoresents only the aversge conditions, ,‘fiakv average solar ;
activity (sunspot number = 60), averaged betwesn day and night, %
ete, Fig, 1 ghould therefore be regarded more as a visual aid té .
than an exact specification, :j
It is best to consider first the air cemperature, shown towards %’
the left of Fig, 1, since the temperature does give scume fndication %T
of the heights at which solar energy is absorbed. On climbing from i
sea level iqi:é -the troposphere, the t’emperntutéﬂfslh fairly stéadily %
to about 210°K at a height of roughly 10 km, then réemiins nearly con- g 4
stant in the stﬁfosphere, 1..1:; to a height of about 25 km, Above thit «f . ‘
comes 'a rise in temperature csused iﬁrgel& b} onone sﬁscrbitig 861&‘ ) y P ‘
ultra-viblét light: the a.mmmt ‘of ozone is very soall - only atsout S t
one part in 100,000 of the atmosphere at these heights - but vez'y f
important; for it not only detetmiues the air-temparatuze yut ql.so ::,;; § .
' shields us from the harmful solar ultra<violet radiation, So we ﬁnﬁ : ;Z ‘ .
the temperature rising to a maximum of about 280°K at a height of § '
gbout 50 km, Then temperature falls, because of heat loes due to - .
long-vave radiation from mole‘culéa. of ozone snd catbor dioxide, and- W % ;
reaches & minimwm of about 180°K st a height of abom": 8C km, The | .

region from 25 to 80 kin is often but ot alway&callﬁd the megosphere,

Above 80 m the temperature starts incressing agein knd goes on

LESES

doing so up to ebiut 300 or 400 km; above thst the temperatuve is
icdependeat of height up to the Leight wheve it ceases to be properly
definable, somevhere between 1000 and ;,aoo km, For average solar

act;ivity,‘ the temperature in this reg’i’én. from 300-400 km upwards,
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is about 1000°K, as shown in Fig. 1; but at sunspot maximum, temper-
ature can be as high as 2000°K by day <nd at sunspct minlmum is
probably about 700°K by might.

The terminology for these fegionn is unsatisfactory. Tne te';u
thexmosohere is oftem uged for heights from 80 up to about 800 km.
Above that, the mean free path of the neutral molecules becomes so
large that they ought to be treated like miniature ballistic nisgilzs,
and the term 'exosghare ie often used., (lThere are signs however that
the term thermosphere is often reserved for the region of increaszng‘
tempat.ture, up to about 300 or 400 km,)

. In,tha‘lowe: thexmnspbe:e the electror density reaches two peals,
firet in the E layer at about *100 km, and then in the F region, which
in daytime - -shows two maxina at heigbts of abou: 130 and 300 km. In
radio parlaace these particular regions used to be, called the iono~
gg;;*n- but in facc the rvoportion of lons and eie&tronb is only about
1 iﬁ@%@ﬂO at 300 km, and goes on incressing above 300 im. The term
ionosphére is prcoably best avaide* a‘“uLv»ﬂ,a when diecussiag thg
atmogphere in genexjsl, bocaugs it i'ef&fts - partxcuiar components,
the ionn and electrons, und(~bn to any pafticular ha&ght-baﬁé.

At heights of LOOO-;QOC im the neutral molecules are wmt» numerous
th;n the ions,  Above 2000 km, howeve:, che charged particle' w,nduallv
become dominant, anﬁ,(&inz thuir behaviour is gavarned prw.mr {1y by
the Earth's magnetic ficld-fgther than the grayitu&ionullsirngﬁ it is
useful to recognize & new ard ﬁwt?rmpstyragion\uf the arﬂnfﬁhere called

he magnetosphere, Most of the charyud Pari:icwa i tuis reglom have
ordinsry thermal energies, but there are also the !'més of high~energy

charged yurticlcs. both natural and artifi al,
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When the Sun is quiet, the cuter boundavy of the magnetosphere
occurs at between § and 15 Earth radii (beighte of 50,000 - 90,000

knm), on the sunlit side of the Earth. The continued outflow ol chargad

o o SRS e

particles from the Sun, the tgolar wind', compre.ses the Earth's mag-
netic fizid on the sunlit side, and draws it out on the dark side, so
that the =migne:tosphere is =il ‘eally spherical but pear—shaped . The
boundary, which on the sunlit side is a hydromagnetic shock wave in
the supersonic flow of the solar wind, continually fluqﬁ;t}ates. anid

_the boundary is completely trenched when violen? disturbances oeouy

an‘the“ Sun. Much meré incense styeams of particlea thm resch the :
Earttr } vimuity and izrav,k through a}.ﬁ:st to. the auriaee. IV - ‘
Though we have now reached the anﬁ of rhe Ea:th'a abmnaﬁhev» Lt -
is vorth Temembering, as indicated in E{(.g. 1. that the Sarth '8’ 3r¢vit~
ationsl spheve of influance remtive f.ts the Mn extendn out . *o. about:

900, 000 fam, Well beyond the Hocm 8 prbit.:, ‘

The mein componeants of the atmosphere are indicated on th2 left

P
B
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" of Fig., 1, the chief component baing given fir_nt: in each of the groups

of components, Up to 80 km the aea-le'vel composition is wsintainad

e s e

N

as height incveases from 80 to 200 km move oxygen is dissacistad mtc

at:omic form, but the molecular weight (29 at sea level) is still ahout

25 at 200 km, As height increases from 200 to 600 ka, atoric oxygen I

JeES

‘lyv‘ecomes predominant, and the molecular w"e.ight fally to asbout .6, Then
comes a region where helium is predominant: the thickness of thie = '

region veries greatly with aolur uctivity, day/night chunsca, ete; X . oo '
the average condi.ious of Fig 1, it .a from about 100 to 2000 km, -

Above this, hydrogen 1is dominmt with an tnereasing proportion ionized, Lot o

R
I - 1.
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Thus we have a gradusl decresse in molecular weight: the numerical

values d;pmd on solar sctivity, but Zor the average condit.ions of

Fis. 1, molecular weight docreases from 29 at sea level, to 16 at

abmt 600 ‘m, to about & zr 1500 bm and not much more than L ar 3000
. km, thus confirming the naive victure of the lighter gases ritiag to
o tie greater heights,

Where lighter gases, circuwnfused on higu,
"PFoim the vest concave of exterior sky.

4

s E:‘asmgi Darwin";ii.\t it, 175 years ago.

Finall_v’, on the left-}a.ad cide of Fig. 1, there iz the number of -
= 10

: molecules pet CoCuay 2,5 x 10 at sea level, "ecreasing te abcut 10

«:": at 200 an, 104 at 2000 km, and’ perhaps about 10 in the Sun's atmosphere,
e *ié-'intetes'ting' that in our modem picture of thke atmosphére we -

" lLave really gome back to the sixteéenth-zentury picture, which ir turs =
. .derives-from Arfstotle, “Th¢ sixteenth-centtry picture was of- a 'Sphere -
of Aii:-‘ r&und t“’h:e Earth, ‘which in its upper réa'ches was very hot ;saéduse R

- it was in contac* wicth the ‘Sphere of Fire (or the Sun's ai mspbere, as

. we might niow say). Iheac sncient 3peculations have p:oved mire accurate

" than the sniencp of 40 years ago, nc:'m:&"ing to which rime upper atmosﬁbete »

o

vay very cf.ﬂ.d “and all was blank bryond

3. Determination of:;/..r density (roi analvsig of gatelli»ts‘-o:hita
" The ;‘-cs‘t”qf this ST will-be weialy concerned with aii' dersity

ey and 1ts variations at he!ghts of 2002000 km ‘Most of the infomtion .

on: tld.s. topic has come from malyais of aat«nfte ‘orbits and the methods

ﬁaed will now be brieﬂy describad,- L S g
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A gzrellite moving in en elliptic orbit suffers che greatest
air drag when it comes nearest to the Eartn, at periéee. Thus the
effect of air drag is to retard the satellite as-it passes the region
of perigee, CTonscquently on tre next revolution it does not swing .-
out so far on the opposite sidevof the Earth: the apogee height is
reduced while the perigee height remains almost constant, and the

orbit contracts and becomes more nearly circuvlar, as shown in FPig, 2,

The rate at which the orbit contracts, or the rate at which the é

% N

orbital period T decieases, is therefore a measure of the air density =
_ at heights near that of perigee: if the orbit, mass, shape and size f
of the satellite are known, a value for the air density can be obtaived. %
It is assumed that the drag U of a satellite moving with velecity@v c.an i
. P

be expressed as jé
1L 2 .

D= 70 \'s SCD %

3,

‘s

A ST SR S B

where p:is the density of the awbient air, Cb is a drag coefficient . .

.
which may usually be taken” as 2,2 for heights of 200-600 km, and §
is the satellite's mean wzoss-sectiomal avea perpendicular to the
direction of motionm, It is customary to assume also that Jensity

varies with height ¥y according to the equation

o =p, exp { -1 (y-y )/H |

ey - %

#

Tre orbital pericd is the most convenient parameter to use, 5
because it is easily determined, 7Two naked-eye visual obgervations

4 day apart can give T cugrest to 1 part im 20,000, and better obsér-
vations give correspondingly better accuracy. )
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where suffix p dcnotes values at perigee and H, a quantity which is
a mzasure of the density gradient and is known as the 'density scale
height', is assumed to vary linearly with heighc. Under these assamp-
tione, for orbits with eccentricity e between about 0.02 and 0.2, the
density py at a height %Hp above perigee height can be expresged in

terms of f, the rate of cliange of T, by the equation3

H 78
N _ 0,157 T e r 2 2 P p ]
; . fq = = 5 Ll -2 4 =e" - Bae (1-1Ne + 1650 )

e

[N
N

where d = FSCD/m, m is the mass of the satellite, F is & factor (lying
between 0.9 and 1.1) which aliows for the rotation of the atmosphereA,
and a is the semi major axis. Formulae are also availableB"5 fo0.- other

ranges of values of e, aud an additional term can be added to take account

AR & . LR RN o Tttt i

of the obla:eness of the atmosphere6¢ The great sdvantage of this
equation is that is ig wvery inmser *ive to errore in the value chosen
for Hp, which is not known exactly: a 25% errur in HP leads to an error
of only about 1% in Ppe
B} Alternatively, though at the expense of a much greater amount of
| computation, air density can be evaluated by numerical intesration of
* ¥ ) the drag round the orbiz, assuming some mcdel atmosphere, Again, to
» minimize the effects of errors in the medel, the value quoted for ¢
sirould be at a height of %ﬁo above perige -,

With the aid ét these methods & compiete picture has now been ob-

tained of the density of the neutral atmosphere and its variations at
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heights of 200-800 km, together with a good indication of the var’ations
at heights up to 2000 km. Heights above 2000 im can be regarded p-imarily
as the realm of the charged particles and will not be discussed further

bere,

-

4, Tie main variations in upper-atmosphere density

The density of the atmosphere at heights above 200 km has proved to
b2 very strongly under solar control, in two Quite distinctkways: first,
it responds to the presence or absente of solar radiatioa, the day-to- .
night effect; second, it responds to solar activity, density (#nd temp-
erature) being greater when the Sun is more active, The day-tc-night
effect is best described first, because it is more regular and pravides the
basic rodel on whichtﬁgh'other7variations arevsuperposed.

4,1, The day-to-night effect

It is found that at heights of 200-800 km the density of the
atmosphere increases during the morning and reaches a fairly sharp
maximum at about 2 p.m, local time. It then declines fairly steadily
until widnight, reaches a flat aminimum betwgen midnight and dawn, and
begins its morning increase again, The effect is small at 200 km height,
but becomes very large at greuter heights,

This effect is showm up parti&ularly well by the changes in the
orbital period of & satellite, becavse the perigee point is continually
moving under the influence of the Earth's obiareness, and the time it
takes to go from day to night and back again is usually between 2 months

and a year, This is long enough to give time for the eii~cx to declare

wHhaem)

N

R AN NI s LI i ARG et e N TR T

» @
e

B a2



"tgelf umnistakably, but not so long that we have to wait a lifetime
> - . to see if. Fig. 3 showé the orbital period of Explorer 1 (perigee
height 350 km) from February 1998 t: January 1963, The curve is
marked ‘day' when the perigee is im stilight and 'night’ whea the
. ‘ p.igee is in darkness, and it is appar-mt that in each day-to-night
cycle the slope becaﬁes stcveper after day dawns, reaches its <tespest
gomewhat after noon and then becomes lese steep as night draws .a,
Since 1 is proportional to Py these changes in siore exactly reflect
the changes in air density,
At a height of 200 km this day-to-night change in density prcbably
does not exceed + 107, except when sungpot activity is near its minimum,
ma=imun day-time density .

e L : T is -
but at greater heighcs the factor £ = aTn Tmom nlght-time density s -

sometimes as uigh as 10, Some typical geéults, for 1959 and 1962, are
shown in Pig, 4. When the Sun is_active, as in 1359, the day-to-night
'chﬁnge only becomes important above 309 km: at 400 km, f = 1,6; at 600
km, £ = 5,5; and at 8C0 km, f = 10, Os the other hand, when the Sun is
rath;r inactive, as in 1962, the day;to—night change becomes important
at a lower sltitude aqq its maxirum amp’itude declines., Ia 1962, f =
2.5 at 300 kn; at 400 km, £ = 45 the maximum value, £ - 5, is sttained
at about 500 km, and f decreases to & #gain L 600 km,
Fig, 4 incidentally also shows that the decrease ir :0' - activity
"between 1959 and 1962 brought a great gencral decrease in density, both
by day and by niéht. V
The‘day-to-night changes in density have so far heen described ;s
if they depended soiely on the Iocgl time, thgh is merely the differeunce

in longitude between the Sun and the relevant point, This picture, though
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convenient, is true only in‘equatcfial regionsg, because the deasity
seems to depend primarily on the altitude of the Sun above the horizon,
rather thon the local time. The regioas cf increased density by iay
seem to show a roughiy circular symmetry about a point ~entered uader-
uneath the Sun, o1, to be exact, uaderneath>a point abont .2 k.ours or
30° eaat of the Suﬁ's position., The Sun, as it were, éraws up the
atmosphero into a bulge underneath, so that the contours of cunstant
density on the sunlit side are much higher - about 100 ko higha? 8t a
height of 40C km - than on the dark side. For a point at any given
latitude the daily variatiog in density doés rise o 8 maxinuw at 2 p.m.
local time; but the true maximum - the peak of the daytime bulge - is
only reached at locatibns where the Sun is almost overﬁead. At higher
lat{tudes only the upper slopes of the bulge, rather than its peak,
are sanr.led,

further detalls of these variations in density way be fouad ia
refs 7 -~ 9, and their causes will be discussed in section 6, We now

20 on to describe the other effects,

4.é, The response to_solar activity » ' .
Although the day-to~-night changes in density are extremely large,

the changes in recsponse to gsolar activity are even larger, and were

detected first. The early Sputniks had perigee,heigh;s near 200 km,

where the day-to-night effect wis not important, but tne rate of change

" of their orbital perlods showed erratic fluctuations which soon came to

be correlated with sclar activity,

<
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Fig., 5 shows the original results for Sputnik 2: the actuail
values of T flvetuate about the 'theoretical' curve, which is based
on the assumption that the density is covstant from day to dey. The
variation in density deduced from Sputnik 2 is shown in Fig. 6 end
compared with the sungpot numbers: there is obviously some resem-
blance between the two, and one of che characteristic featurez of
solar control, the tendenc; towards a 27- or 28-day recurrence, is
also appafent.

From such beginnings have come a whole zeries of elégant com~
parisons betwean atmospheric déhslties and indices of solar'éctivity,
in which the work:of Dr, Jscchia 6f.the Smithsonian Astrophysical
Observatory {(refs 10-12) deserves a special mention,

What index of solar activity should be used? Some property of
the Sun itself, such as sunspot numbers or solar flares, is possible;
but even better is an ipndex which measures the effect of the Sun on the
Earth, An index which has proved most ugaful in th; solar radiati&nr
energy on 10,7-cm wavelength, ar received a. ground level, This radia-
tion, since it penetrates the atmosphere, can have no direct effect on
the upper atmosphere; but it iz believed to rovide a good irdicat.on
of the solar-ultra-violéf radiatiﬁn, which is absorbed in the upper
atmosphere and provides a majcr éource of heating, The variation in
atmogpheric deﬁsity often suows & warked resemhlanée to the variation
in the 10,7-cm radiation energy, as we shall see shortly,

The other useful index is the planetary geomagnetic index &p

~ {(3~hourly) or AP (daily), which indicates the average degree of dig-

turbance in the ground-level terrestrial magnetic field, Most major
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variations in tﬁe magnetic field - the magnetic storms - result from
the impact of ntréams of high-energy pacticles from the Sun on the
magnetosphere, Thus the geomagnetic index provides us with the best
indication of solar corpuscular streams encountered by the Earth;
although it is an imperfect index, it {8 more likely to be correlated
with upper-atmosphere density than is, say, the record of solar flares,
which are highly directional and may not influence the farth at all,

In considering the response of the atmosphere to solgr activity,
it is worth distinguishing tbrée different time-scales, First, theré
are the itregul#r day-to-day fluctuationg, including as spuctacular
exsmples the occasions of large magnetic storms, 'Second,_;hese fluc~
tuatious, when plotted out over a leoug period, often tend to show a :
27-day recurrence, because the Sun rotates, relative to the Barth,
onze every 27 days. Third, there is the slow varistion in the course .
of the 10-year sunspot cycle, Considering the complexity of the phe-
nomena, it is rematkable how well the various effects have been sorted
out, -

A brilliant example is shown in Fig, 7, which gives Jacchia's
resultslo on the gir densitf es revealed by the orbits of 7 saécllites
at the time of .the great magnetic disturbance of mid-November 1960, At
all heights from 200 to 1200 lom, there is a large fraﬂsienc increase in
density - it increases by a factor of 8 at 700 km bﬁ?ght; and this in-
crease $s exactly iti u.dson with the magnetic disturbance. All the
ceatelfites also reflect éhe second and smnllgr magnetic disturbance two

days after the main one. -

4
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The correlation is not always as close as this, and an excellent
general picture is given by Fig, 8, which ghows the rate of ch:inge of
orbital period due to air draglz for Explorer 9, Almost all the strong
magnetic digturbances, the pesks on the lower curve, are parallelasd by
a corresponding peak on the upper curve, On the other pand, the upper
curve is alsc obviously undergoing variations which have no commexion -
with the magnetic index, There are, for example, some strong 27—day‘:
fluctuations towards the rignt of the diagram: these are well cor-
related with 10,7-cm flux,

This is show: in Pig, 9, whichfInCIudes some of the same data as
Fig; 8, amd hag beén marked to indicuate ine varicus features already
mentioned, °

To sum up, théidensity of the uppzr atmosphere shows & strong
day-to~day correlaiioa with the 10,7-cm radiation and zlso with
geomagnetic disturbances; it is- therefore p?bbabl& influenced both
by ultra-viole: radiation and by streams of particles from the Sun.

On a lqnger time-scale, the density shcws a 27-day recurrerce tend-
ency and exhibitava slow and massive change in the course of -the sun-
spot cycle, as Fig, 4 has already partially shown,

Thus, combining the two types ;f golar controlnao far discusﬁed,
we have a picture of an upper atmosphere which is drawn up into a
hump rougply underneath the Syn, ard glno fluctuates both on the day
and night uidés in fesponse to solar activity. The density and tem~
perature are higher wben'theZSun ie above the horizon rather than

beloﬁ,‘nud also higher waea the Sun is uctive rather than quiescent,
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4,3, The cemi-acnugl am:gn-_x_\_gg;__g‘ ariastiong

The effects already d;scussed ere extremely large, and can lead
to changes in density by a fac.cr of 10 or more, The two other effects
to be discussed now are much smaller than this, but still quite sub-
stantial, amounting to about + 20% at 400 lm,

13-15 it appeals that upper-

From the work of Paetzold and others
atmosphere density undergoes a semi-annval variation with minima in.
January. and July, and maxima in April and October. Generally, however,
che July minimum is deeper than the January ore, and the Oczober_ma#r
imum is higher than the Aptil one, fﬁis would imply an gnnuai variat;ou'
superposed on the semi-annusl variation, Paetzold's findings on this
point are very clear,l4 8s shovm in Fig. 10, but othez inves;isitaxa
have not cbtained such unequivocal results and the annual v;tiation
is still sl*ghély coﬁxroversial. -

The semi-annual effect, which has a;:a been noticed in geomagnetiswm,
is prcbably\due to the fact that the Sun emits particles most strongl?
in some particﬁlar plane, probably'near:;he Sun's equator, which the
Earth would cross twice a &ear.. The annual effect could be partly due
to the sunual variation in the Earth's distance from the Sun (as a
result of which the solar radistion reéetved on Barth is #bout462 lecs

in July than in January), or to the Earth's differing motion with re-

spet to the interstellar medium threugh which the whole solar system-

is presumably moving.

Fig., 11 shows the air density at hoights of 200-800 kw, calculsted

from the oboerved changes in the orbits of 38 different satellires, over
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the greater part of a sunspot eycle frow 1958 (meximum) to 1962
(near-minimum), The curves shown are maximum day:ime ami vinioum
nighttime values.

Several features of Fig., il are worth nothing, The Figure in-
dicstes that, on tr%iag an avarage over a solar cycle, the density
decyeases by a factor of 10 as' height increases by about 130 km, for
heignts of 200-800 ke, Fig. 11 also shows hm;i the daytime density-
decreased between 1958 and 1962, by a factor of 5 st 400 km and a
factor of 30 at 600 km, 'The change in the nighttime density is

generelly rather smaller, but the greatest possible variation between

’ the daytime deneity at étmspdt maximomm and the nighttime density at' -

sunspot minfmum i3 by & factor of more than 100,

[ f solar contr

-

Tt iz-now well established that the temperature of the upper
atmosphere 1is virtually independent-of height at heights from 300~
400 km (‘tH‘e exact Va}ué depends on solar activity) up to the height
where t:‘mperat.ure becomes a fneahiwglesa concept (somewliere between
1000 and 2000 %m).

The temperature can be determi’ od _3cause it is closely related
to the air density, the repe of the curves in Fig, 11 beiag pro-
portional to temperature d‘iviciagi by mo"ecular weight. Alternatively,
a model of the upper atmosphere can be devised, suck as Nicolet's

16 10 which density cau be derived from

diffusive-equilibrium model,
temperature; temperature can thén be varied until the density agrees -
with the observed values. These methods show that the temperature

above 300-500 ks is 30-35% higher at the daytime mexisum than st the
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aighttime miniomum, and that the basic nighttime ¢ emperature risas
from about 700"& at solar minipum to gbout 130003’. at a solar maximum §
a8 int.ense as the 1957-8 maximm.”u | a

Thus thé Sun can be regarded as exercising its contxol over zhe

upper atmosphere by the heating effect of its ultra-violet radiation

e mmne e & 4 o

and the streams of particles - either the quiet flow of 'sclar wind’

ocrn s e -

particles or the violent outbursts of particles gsowinted with sclar
flares, The sltra-violet radiation is absorbed at heighis ucar 200,
and le @iiuence of heating then spreads upwards, Thus mdus'o{)érandi‘

aiu parti.cles is not yet s0 clear:. p:vbably they intersct

R HIYO
‘)‘ l\ b 1‘\

with- the'magmtcsphnre st its outcr bouuﬂ«try and ‘gengrate. hydrmmeue
wiarek ahick di u«ipatze their energy as hnt At lover levels., But vme )
o: tj,hd é:;fmmw Mrmclen nay also filter down as high-energy loms via'

‘t:he; mzws of tqusatien, sad commnicate. the’ SBETRY direct:ly.

e e o o TN BRI R NS TG
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i "\ 'rhe wm‘poh. Ltmn of the atmosphere nbava 300 kn depends on . the pre-
vailing tempeta‘l{\;re. By day at solar maximum {tem;grature - 2000 K)

atomic oxygen (molesular weight 16) 1s dominant up to V0 lan, AL

N A e RS e 2 A <

medium solar activity {1200° K) helium (M,W.4) begins to dominate over

atmic oxyzer at heights above 700 km, At sunspot miniaum bj night

(700 °k), elium becomes dominant evexn jower fat shout 500 lm) but

in in turn displaczd by hydrogen at 709 icm. . P

o

@ ST

Since temperature is independent of height, the slope of the , L :
curves in Fig. 11 is inversely proportional to the molecular weight, = b
and the increase in the slope of the 1962 curves nesr 600 km o dve , L
to the increased proportion of helium in this yeer of laow: solar sccivity. L

* ' . (o
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7y, Conclusion

The der 5i.y of the atmosphere at heights of 200-1000 km hau the
tolliowing chsracteistics, At a heigh' of 200 wm the density varies
compera“ively little and never differs frec.. 4 x 10-13 grnfc.c, b7 a
factor of wore than 2. Ar greater heights the density is greater Dy
day tan by night, the factor of difference incressing with height
vnril it reaclies over 10 at 700 km when the Sun is active; when solar
activ:ty i: near mauimum,; the tactor of differernce duees not exiseed 5,
But “te dey-to-night efiect becomes inportant at z lower neight,

The density shows a rlose correlation with solar radiaticn energy
end geomnapretic disturbances, and at heights near ovU0 km can increase
for & faw hours by a tactor of up to 8§ in severe magnetic ctorms, It
also tenis o evhipit the Z7-day recurrence tendeucy characteristic of
solar irfluence, and undergoes a large variation in the cocurse of the
10-year sunspot cycle, density at sunspot meximum by day being over 100
times greater than at sunspol minimum by nighi, at Leights of 500-700

1

wn, Much smaller semi-annual and prebably annnsl variacions cecur,
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g VARIATION OF AIR DENSITY IN NOVEMBER 1960,

AS REVEALED BY 7 SATELLITES.

(AFTER JACCHIA, SMITHSONIAN SP. RPT. 62,
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THE METEOR POPLLATION

by

Gerald S. Hawkins1

introduction

The earth is continually bombarded with objects from cuter space, and
by studying the materizl as it arrives at the earth we can gain an under-
standing of the nature of the objects in the earth's environment, These
objects cover a tremenduus range of mass, from millions of tons to 10-16
gm, and their bhysical characteristics depend upon their masses. When tﬁe
mass can be measured in kilogramg, the otject is invariably a solid piece
of stone or ircm, or stone and iron mixed. It is able to penetrate the
atmosphere of the earth compleﬁely and land upon the surface. Aftaer re-
trievil, the object‘ia knewn as a meteorite,

12 gm and 102 gm the particles are

Between masses of approximately 107
meteors that have been derived from the icy nucleus of a comet. Meteor
particles invariably disintegrate in the upper atmosphere and nerer reach
the surface of the earth intact, The population in the lower miss limit
(10'12 gm) is cowposed of small particles that are decelerate& without de~
struction in the upper atmosphere. These are known as micrometeorites and

it is possible to collect them with high altitude rockets, or retrieve them

as they float down to the surface of the earth,

1 Boston University, Boston, Mass,, Smithsenian Astrophysical Cbgervatory
and Harvard College Observatory, Cambridge, Mass.
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The influx of objects into the earth's atmosphere is now fairly well
established for the entire meteor population, The results of various meas-
urements, given in Fig. 1, show tha: the number of perticles falling ianto
the earth's atmosphere increases with decreasing mass, Iz is also possible
now to draw a monotonic curve over tre entire range from micrometecvrites to
meteorites., The charactesistlcs pf the various proups in the meteor popu-

lation are described

Meteoricés

The statistics pertaining to the fall of meteoriftes is based at present
on an inhomogeneous set of data. More than 1,000 eye-witness accounts, mostly
non-professional, are available of the fall of & wateorite that later was re-
cover«d and whose mass was determined., Severzl analyses in which the vagaries
of che collection technique have besn part.ally allowed for (Nininger 1933,
Upik 1958, Hawkins 1959, 1560, 19%3a, and Brown 1960} have been made to de-
termine the rate of arrival of meteorites. A photographic network is now
being constructed in the Prairie regions of the United 5tates to obtain more
reliable staristics (McCrosky 1903), but until fresh data are available we
must rely upoﬁ‘the meteorite catalogues,

Meteorites are classified as stones or irons, The stones contain min-
erals such as olivine, pyroxene, plagioclase and troilite, and have an average
dengity of 3.4 gm cm"3. Most e«tones contain chondrules, small spherules about
1 mm in diameter; they are usually a mixture of orthopyroxene and olivine,

The iro..c are largely metgllic, being coarse cryszcals of an iron-n£eke1

ailoy. The percentage of nickel varier from about 3 to 15, and the average

-l
density is 7.8 gm cm ~,
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The crushing strength l>r stcue meteorites varies from 3,8 x 106 gm

v cm-z to £,3 x 104 gm cm-z, although one or twc meteorites have crumbled at

values somewhat lower than thie, The average crushing strength for stone

is approximately 3 x & gm cmhza The crushing strergth for an iron is con~

siderably higher, although ovcasionally an iron will break vp under moderate

strees because of weaknesses in the boundary hetween adioining crystals.
It has been shown (davkins 1963a) that the stone and the iron meteorites

LI differ in their maes distributions. The number N cf stones that full on oue

square kilometer of the earth's surface during the period of a year, with

% masg greater than or equsl to m, is given by the relation
é 10310 N= -0,73 - loglo m 1)

Necte that N is a cumulative number that is of direct interest in the

; problem of space hazards since it gives the totel number of impacts of cb-
Yo .

% jects above & certain iimiting size, Equation (1) give~ the influx 2s a

:

functicn of the mass "in space” of the meteorite; this mass will be con-~
siderably reduced by ablatior. processes in the atmosphere, The number of

B irons that impact is given by the relation
o - - (
10310 N 3,51 ~ 0.7 10310 m (2)

It can be gseen from these equations that the cumulative number of stony
meteovites varies as m'l, whereas the number of irons varies sas m-0.7‘ This
represents & difference in the mass distribution of the objects, which is

important for seversl reasons, Firstly, although the average-sized meteorites

are usually stones, axtremely large meteorites are usually irons, At a mass

T At bt e e KM s an s
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of 100 kgm the stones outnumber the irons in the ratio 20:1, A£ a mass
of 1010 kgm the i1rens outnumber tlie stones by 10:1, Stones and irons nceur
i1 equal numhbers at a mass of about 106 kgms, which forms a convenient point
at which to divide the two regimers of meteoritesn Secondly, the mass dis-
7
tribution yields information concerning the origin of thc meteorites, ’
Equation (1) is the same as the comminution law obta‘ned when terrestrial
rocks are subjected to grinding and crushing for a cousiderable length of

timc., Equatien (2) represents a moderate degree of crushiang., This is _.a-

sistent with the hypothesis that meteorites are asteroidal fragments formed

by collislon processes in space and that the stone fragments have been ¢rushed

to a greater degree than the iromns, owing to their low crushiag strength
{Hawkins 1960), Thirdly, Equation (2) is consistent with the uumber of [
asteroids that cross thc orbit of the earth, and we mey conclude that cb-

jects such as Eros, Apcllo and &mor are probably composed of irom,

Cometary Meteors

Although a few stone and iron irsgments with masses less than 100 gn
are undoubtedly present in the meteor population, the bulk of rhe material
ir this rarge is the solid debris ejected from the icy nucleus of a comet,
At least 50 per cent oi cometaryv meteors are sporadic; the orbital elements
form a smooth distribution and there are no discernible sub-sets, It is
therefore necessary to desciibe sporadic meteor orbits on a statistical -

2

basis. The flux c¢f sporadic metecrs, N km year.l, is given as a funciiom

of the mass, m gm, by the relation:

log10 N = 40,4v - 1,34 10810 m (3)
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The result ha: been obtained from a photographic survey (Hawkins and Upton
1958). 1In the original determination the mass of a metcor cf a given bright-
ness was not known with certainty and equation (3) is based upon a reviced
scale in which the umass of a metecr w.th zero visual magnitude and a veloce-
ity of 30 km so.et:“1 is 4,4 gm, There are still uncertainties in the mess -
scale (Whipple 1963, Lszarus and Hawkins 1943), but equation (3) is probably

trustworthy to within a factor of 5. There are diurnal and seasonal variatione !

1
'

in the meteor fiux which are of the same order cf megnicude 22 the uncertainty
in equation {(3).

Approximately 50 per cent of the meteor flux comes from the major and
u.nor streams, snd must be added to the sporadic flux, Scveral ¢f the major
streami,.such ae th; Perseids ard Yaurids, are related to known comets, Cther
streams are not 2ssociated with a known comet, and pre;umabiy the parent comet
has disintegrated, The most imporcant of these streems are listed in Table 1.
Thé flux from streams is limited to a few davs of meximum activity on‘certain 3

- calendar dates, nnd'during these periods an extra comporent, Ns’ is»adde& to
the fluzr, If we define the stream activir li. erts of the sporadic rate
sucu chat Ns = kN, then the factor K is thac given in Table, 1.

- TABLE 1

Stream Flux

Joream - Dates k
Quadrantids Jan 2.2 5.0
Lyrics Apr 2021 0.5
D vrime Arietids © June 5-11 5.0
Degytime { Ferseids June 5-11 4,0
A Aquarides = - - July 22 - Aug 7 2.¢
Pe -seids ) Aug §-i4. | 5.0
M oonids Ocr 20-24 2,0
Ta. vids ~ Oet 10 - Nov 25 0.5
) Geminids 3 Dec 10-16 5.5
4 - \\{\1
- N . \‘ w.’
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Stream meteors, of course, move in almest parallel paths aund ¢ Jduy giver
in Table 1 is for an area continuaily orientad in a direction pecrpendicular
to the stream,

Phocogrephic observaticns have shown that cometary seteors are extremely .
fragile, Meteors with an initial wmass o. approximately 100 gm shed fragmonts
contipually duving the lumirpous trajectory in the upper atmosphere (Jacchia
1935). Ar smaller sizes, at a mass of approxiwcately (.1 gm (visval magnitude
4+3), the meteor occasionally disintegrates st tne beginning of the luminous
trasil MeCrosky 1955). From the height at which disintegratiou .akes placs
and frcé the velocity of the meteor, it is possible to calculate ﬁbe dynamic
pregsurc exerted on the body, OUne meteor in three, in this range, breaks
up when the pressure cxceeds 10 g cm-z. his 1s &n extremely low crushing
strength by crerrestrial standar&s, comparable to tkat of cigar ash.

Whipple (1963} has dis-ussed the photographic cobservations made on
meteors with masses between the zpproximate limits of 1 gm and 100 gm, and
with an average denaity cluse to 0.4 gm cm-3. Frow this low density and s
the low crushing strength it has been inferre” that cometary meteors are iocse
aggregates of small particles forwing an open or porcﬁs structure, The sonlid
particles are presumed to be composeq cf minerals similar to those found in
stony meteorites, although no direct chemical anslyses have Seen made soa far
because the meteor material is fco fragile to reach the surfice of the earth
in any large quantities. Spectrograms of brighter meteors show the presence of
iron, caleium, sodium, silicon and other relatively sbundant elements., It has
not yet been possible :o obtain spectrograms of ﬁetéofsffainter than a mag-~

nitude ~ 0, corresponding to a wass cf 5 gm,
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Equations (Z) and {3) and Figure 1 siow that thz flux of cometary meteors
equals the flux oi meteovitcs ai a mass f approximately 300 gn, The reginme
of cometary meteors has been defined by extending equation (3) from a mass of
300 gm to a mess of 10513 pm, At first sight this exicapolation might seem

unwarranted since the photogrephic observations do not extend below e mass of

1.0
> from radar data at a mass of

19 7 g, However, since ihieie is coafirmacd o
10-4 grn, and since the excrapclation agrees with tbe number of par:icles
collected by high alititudes rockets at a mass of ]0-13 gm, this extrapolation
is probhably valid to nerhaps an crder of magpitude,
_ Uslag a eix-station radar system (Hawkins 1963b), Hawkins awud Southworth
% (1563) have studied the iaflux rate cnd physical characteristics of meteors

cloge to the middle of the range of comerary meteors. Preliminary measure-

o A4

ments of the flux of metsurs with mass greater than & x 10-4 gm vields the
value showa in Pigurn 1, The det:rmined vaiue is an crder of magnitude greater
i than the valua expected from Equations {3) and further work is required tc
investigate this discrepancy, However, considering the Jegree of the extra-
polation, the pr lut may be taken as a preliminary confirmation of Figure 1,
The small particles investigated by the radio technique clearly show the

o effects of fragmentation. At the limit ¢f velocity measurements, 10.3 gm,

i?4 most of the weteors arc observed as a closely packed cloud .f many independent
i Iragments., ‘The meteor has totally disintegrated. st or -before the cunset of
: " jonization, Be:ause ~f this effect, the density of the meteor before breakup

cammot be measured, dowever, it is presumed that the drnsity in space iy com-

varable to the value cof 0.4 gnm cm-g as found for the larger objects cbserved

in the photugraphic program,
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Daefinite changes appzar in 7he orbits of sporadic meteors &s one proceeds
from a mass of 1 gm to a mass of 10-3 gn. A3 one proceeds to suailer masgses

the orbits show smaller sesri-major axes arnd smaller eccentricities. This
v

effect is zpparent from a detailed study of the zrbital distributions as a

function of mass. The effect can als» be shown statiastically by comparing

the average ooserved velocities of sporadic mereors as a funetion of mass,
Figure 2 shows the average velocity over a range of visnal magnitudes from
+6 to +9, There ig a general decrease in velocity amounting to spproximately
3 km sec-l over an interval of 3 maynitudes (Hawkins, Lindblad and Southworth,
1¢63a). A similar result has Leen obtained for metecrs with radiants near
the Apex by Eshieman and Gallagher (1962), who found that between magnitudes
of +7 and +12 the average sporadic velocity decreased by 2 km sec . 7his ’ ,
viilue {s probably an underestimatz because Eshleman and Gallagher did not

determine any values of velocity below 35 km sec-l.

Theze authcvs tave suggested that at 3 mass of approximately 10-4 e :

*The go-cnlled sporadic background appears instesd to ccnsist_of particles 7
concentrated into & very large number of shoﬁer orbits, Characteristic

dimensions of these particle concentrations must be very nmall, by astro-

nomical standards, since the intersection of a group with the earth may

take on the order of one day or less. It is suggested that the earth wy

be immersed in about ten particle groups at one time, It appeers that there

may be millions of such groups in the solﬁr system ..." Thesae conclusions

were based upon an interpretation of the fluctuations in hourly rate reported
by a sensitive radar system, Th2ay are not borne out by a detailed study of -

the orbits of meteors in this size range. A comparison program has been carried

out on 2300 meteor orpvits with masses between 10'1 ;nd 10-3 gm. (Hawkinea,
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Lindblad, nd Southworth 1963b). Most cf the streams found were the well
known major and minor streans previously discovered vigually and photegraph-
ically., There is no detailed structurc within the sporadic orbits, and it
is therefore possible to describe them only in terms ~f broad statistics,
Approximately 30 per cent of sporadic meteors at a mass of 10'2 gm are
moving in orbits of low eccentricity and nigh inclianacion {Davies and vill
1960; Hawkina 1962), This is quite different from the alignment in “he plane
of the scizr system found ir photogiaphic measurements. This second grouping
has been provisionally called the "toroidal group,”" which was probably formed

by the long-ter: perturbations £row the planet Jupiter,

Mic' ometeorites

The deceleration of a meteosr in the atmosphere depends on the ratio o:
cross-sectional area to mass, Thus, the deceleration is iaversely propoFLional
to diameter, and smsll objects undergo a severe deceleration, Whipgle (1950)
anﬂ Upik {1937) nave nointed out ithat a small object can de decelerated without
relting, and arrive at the surface of the earth intact. These objects are
apily termed micrometeoritee, and their recovery at ground level and in the
upper atmosphere is of great interest,

Whipple (1¢50) assumed that the energy generated by passagé through the
upper atmosphere is quickly conducted to the interior of the micrometeorite,
The object then reradiates this energy as a gray-body in isothermal surround-
ings, and will remain solid provided that the surface temperature does not rise
above the .elting polnt of the material, The criti.al size of a solid wmicro-
meteorite is given in Table 2 as a function of velocity and density of the
object, If the meteor mglts, it will still escape destruction if the temper-

ature remains below that of vaporization, Under chese conditions the maximum
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diameter will be somewhat greater than those given in Table 2. A micro-
meteorite of the size given in Table 2 reaches & miximum temperdture at a

height which iz approximately 10 km above the uvizirning height of cometary

met ~ors. Toe particle decelerates vapidly after attaining maximum temperature
and sooun reaches a terminal velocity., Micrometeorites smaller than those listed
in Table 2 are decelerated more rapidly, and reach a maximum temperature at
higher heights than those given in Table 2.

Several methods have bu:n used to collect micrometeorites, Sticky plates
have been exposed at ground level im dust-free vegions. Microphones have bYeen
carried on high altitude rockets and satellites to detect the impact of small
objects, The most direct method, and the one that is perhaps less subject to
contamination and misintergretation, is the rccket-borne collection and recovery
technique of Hemenway and Scberman (1962), A aullec§or rocket was fired from
White Sands, Jew Mexico, on 6 June 1961, reaching an altitude of 168 km. Several
spece layers of Mylar Joil were expused to determine the rate at which the foil
was punctured, Several types of coliecting surfaces were also exposed to trap
the micrometeorites upon impact, Extreme care wes taken to avoid the possib-
ilivy of terrestrial contamination. Before launching, all collecting surfaces
were coated with a thin film o’ nit-ocellulose film. The collecting surfacet
were shadowed by an aromic beam both before luunching and after recovery, so

that extraterrestrial particles could be reacily identified.
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. TABLE 2
icrometzorite disacters
Velocity Height of maxi- Maximum diameter, (Microns)
* T ma temerature -3
(km sec ) {km) Densgity = 3 Dengity = 0,3 gm cm
15 92 38 380
20 96 18 180
1 .
25 100 10 100
30 103 6 60
e 40 108 3 30
50 113 1.4 14
. 60 117 0.9 g
70 126 0.5 6
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Millions of particles were collected during approxia~tely 200 seconds of
exposure but, of course, only a sample of these particlies could be investigated.
In general the particies could be divided intc three types as illustrated in
Figures 2, 3, and 4. Figure Z shows what was termed a "fluffy" particle, very
irregular in shape and open i1 structure, During its interaction with the
atmosphere, a particle of this type would necessary exhibit a low effective
density. A loose aggregate of this type is remarkably close to the physical
characteristics derived for cometary meteors from photographic studies. Figure
3 shows a more compact object that, like the particles in Fig 2, has not melted
during deceleration. Figure %4 shows a small spherule and the crater that it
formed in the aluminum coating on nitrocellulose film,

Note that the typical particles shown in Figures 2, 3, and 4 are well
within the size range of micrometeoxites as given in Table 2., The particles
must have arrived at the collecting films at very low veloctiy, For example,
the sphere in Figure 4 did not carry sufficient energy to puncture the thin
nitrocelluiose film that back.4 the aluminum layer. This indicates that the
particles were falling with terminal velocity in the atmosphere and is further
confirmarion that the particles are micrometeorites,

Hemenway and Sobermar. give the observed flux of particles on the collecting
surfaces of the rocket as u function . the size of particle, To obuain the
true influx of micrometeoriées it is necessary to apply & correction for the
velocity of the rocket. It is assumed that all particles were ialling tﬂrough
the atmosphere with terminal velocity and that the fiow of particles in each
gize range had reached a cond;tion of steady state, Under these condifiona

the observed flux would be the true flux if the rocket were stationary., A
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correction factor was then applied to allcw for the vertical motior of the
rocket, Assuming a mean density of 3.0 gn cm.3 we way represent the flux by

the expression
10810 No= 12,43 - 0,39 log10 M. {4)

The cumulative flux, N, is the number of particles km-z year’l Qith mass greater
than or equal to m gm,

Equaticn (4) was found to hold for particles with diameters up to 2,5
microns, corresponding to a mass of approximately 10-13 gm, At this diameter
a pronou#ced change appeared in the gradient in the mass distribution, and the
vaiue agreed with that of equition (7) within the limits of experimental error,
Thus it is reasonable co présume that the regime of .cometary meteors extends to

~-13 . , .
masseg as small as 10 gm, As Jfurther corroboration, note thar the absolute

value of flux at 10‘1'3

gm is in agreement with the absolure value determined by
extrapolating the photographic data. It isra;so in falr agreewent with the flux
determined by micrpphone impacts,., (Dubin and McCracken 1962) Hemenwsay and
Soberman (1962) attribute the change of slope in the nass distribution tu the
effects of radiation pressure acting on the parcticles {n interplanetary space.
The extratervestrial particles were examined with an electron micvuscope,
which yielded the photographs in Figures 2, 3, and 4, individual particles
were examined Dy an electroa diffr. .on technique to tesv for crystal structure,
An elec*ron probe was used to excite X-ray fluorercence to detecmine the chemical
constituents, dne or two particles were gubject to nsutron activation to search
for sDecific elements,

The majority of the particles showed no detactable crystsl patterns, The

reason for this h-s not been establlshed, although various possibilities suggest
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themgelves, 'The small partféles formed in interplanctary spece may be com~
pletely amorphous; the pziviiles may be composed of a multitude of minerals
in micro-crystalline fori; the parvicles, although origically zrystalline;
may be heated sufficiently to destroy the crystal structure during nassage
through the atmosphere, Of these suggestions, perbaps th: second is the most
likely, The fluffly fragments show evidence of being composzed of microscopic

_~15
particles with individual masses of about LU gm, 1
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presented a hundred or more difrerent minevals. then no crystal pattern would

be detected, Approximately one micrometeorite in 2 hundred does show a definite

diffraction pattern, ThLese exceptional particles contain a predominant mireral,

Although several erystal spacings have been deterwined, the nature of the mineral
Les not been identified,

Most of the micrometeorites examiﬁed do show a crystal pattern when the
particle has been vaporized in the electron beam and recondensed on the adjoining'
film, The most predomin#nt diffraction pattern observed corresponds to three
possible cyrstal structures - austenit:, taenite, and copper. It has not been
porsible to decide which of these poseibilities is correct, aithough it sboul&
be noted that taenite is a well~known constituent of the larger meteorites,

The electron probe and neutron ac¢tivation shovw the presence of the following ;
chemicels: Al, §i, Fe, Ni, Ti, Ca, Mg, and Cu, The abundances varied trom par- t
ticle to particle although aluminum, silicon, and iron weve frequent constituents,
Taers was a possibility that the aluminum and copp.r had Leen introduced as con-

taminants,
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The flux shown in Figure 1 represents a revision of the estimates given
by Whipple (1953), and covers a greater variation cf mass. The physical char-
acteristics of the projectile are given as a functicu of mass, and the population
may be conveniertly divided into the four regimes - iri'wn, a:&nes, cometary meteors,
and micrometeorites, The results, and ouf surrent knowl;uée of penetration and
cratering, can be usad to estimate the damage sustained by a space craft, For
example, Yerrmenn and Jones (1962) have shown that the depth p of a crater, form-

ed in & semi-infinice target by a projectile of mass m, is given bty the semi-

empirical relation

o= 1.70 alf3 G1/3 ,-2/3

2/3 1/3 2.-1
Py P,V

log,, (14 0.25 H) )

where p is the density of the projectile, Py is the density of the target,
v is the impact velocity and H 1s the Brunell hardness, g£qnation (5) is given
in cgs unita, A thin plate of thickness P will be punctured if (Whipple 1963)

At the large end of thé mags scale of the meteor population the problem is to
calculate the probability that a surfece will be punctured during flight, At
tﬁe small end of the muss gcale the problem is to compute the rete of erosion of
the surface caused by many successive impacts,

As an example, the probab.lity of collision for Project Apollo iz alsc given
in Figure=1l, The probabilities are based on an estimated cross-scction of 10 mz,’

and an evposure time of 10 days. The probability of collision with a stone or

“ircon meteorite is trivially rmall, glthough, of course,'the effects of impact

would not be so trivial {f they did occur, No spacte craft could be designed to

withetand the catastrophic effects of collision with & meteorite, At a mass of
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10-5 gw the probability of colliision is 1.0, Acccrdirg to the impact theory
this 1s sufficient to penetrate zn aliminum skin of thickness 0,05 cm 4if the
meteor density is 0.4 and the velocity is 22 km per aechl. At & mass of 10'12
gm, the Apollo vehicle will suffer 1010 collisionc, This will produce approx-
imately 1000 erosion pits per mm'z.

n using equations (3) and (4) to estimate space damage several factors
have to be borne in mind, It has been suggesied thet the space density of
micrometeorites decreases as one proceeds away from the vicinity of the earth
(Whipple 1961), although there is still! some uncertainty in the result (Dubin
and McCracken 1962), If a dust cloud does exis. in the vicinity of the earth, £
then the flux giver in Equation (4) may be considerably reduced in deep space.
The micrometeorites détected ty rocket weve assumed toﬁbe falling with terminal
velocity, Thus, a sateliite moviug through the layer of micrometeorites will
tend to sweep up particles at a rate greater than thst given in Equation (4).
The flux will be increased epproximately by the ratio of the velocity of the
space craft to the terminal velocity of the micrometeo. -es, For both micro-
me:eorites and cometary meteors a certain aﬁount of shielding is produced by !
the earth itself. The value of N in Equatious (3) anc (4) is reduced, although

never by more tnan a factor of 2 for a randomly orieunted space craft,
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Ihe Neutral Atmosphere -

The decisions as to the uecheqlsms governing the characteristics of
ionospheric ions and elecirone depend heavily on our knowledge of the ion-
izing radiations, the absorption and ionization cross-sections of tihe
icnizatle constituents, and of the struc‘uve of the neutral atwmospliere, The

impe: _ant atmospheric structural paremeters are teaperature, composition and /

denét:y. Rocket grenade and pitct-static-tube experiments conducted om an

international scale have contcibuted significantly to refecence atmospheres

below 100 km end have recent), reviewed by LaGew and Minzez(ég). ,¥
Unfortunatel’, because of relatively few direct measurements, mogels

of naoutral gas parameters aonve 100 km depend heavily on theoretical arpli-

crtion of the hydrestatic law to assumed boundary conditions at uncertain %

altitudes of diffusive separation, There is general theoreticel agreement

that maximum heating occcurs between 100 and 200 km while above this level

concduction keeps che tempersture at a nearly constant level fur any geo-

4,
graghic location, A typical vertical temperature distributicn(§i) 18 1llus~

truted in Fig, la., A thecrerical mclel of the fractional compogition of the
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atwosphere below 500 km is illust—atzd in Fig. lb, This model is proposed
y G4 i fog

by Johnsoa who emphasizes the uncertainties invelved, From the stand-

voint of the physics of the lewer ionosphere one cricizally neceds to know

2)
s

the ratios 0/0, and O/N,, Accordinz to Schaefer the e2arly rocket rf
“ <

en . (42 . 47y .

macs spectrometer U/UZ results or US 42) and USSR(—— invesiigators are sub-
ject to question because of tne high probability of surface reccmbination
effects within thy instruments. Schaefer obtained z rstio for 0/02 of 9.5
at 110 km by use cof a rocketborne massenfilter, According to LaCGow and

(40) o \ . , .
Minzer , this result agrees with cthat derived from ult:aviolet absorption

25 , 39,
measutrements by Hinteregger(~-) and Kupperian et al(——’ and that these results
together can be expezted to change some model atmosphere; markedly.
. . (24) . .

Harris and Priescer have proposged a time-depencent model atmosphere
assuming time invariant boundary conditions at an assumed altitude for diffusive
separvation, assumptions which ave not yet been verified experimertaliy. In Fig,
2a are illustrated their curves of the altltude depenlenre of mean molecular
weight at the ditrnal extrenes for both solar maxinun and solar minimum coi-
ditions, These curves infer the variabili'y of the thickness of the heiium

(44)

region in the exosphe: ., the existence of which wes first suggested by Wicolet "

It menerally is agreed from satellite drag deterninations(gg’éé’éé)

that tem-
peratures in the isothermal altitude region .abcve 200 km) exhibit a large
diurnal and sclar cycle variation and that thenuz can be related empirically

to the flux of decimeter radiaticn observed g the earth, The temporal thermo-
spheric temperature variations inferred by Harris and Priecter are illustrated
in Fig, 2b wnere the indices of decineter radiation § = 250 and 5 = 70 corre-

spond respectively to solar maximum and micimum conditions, Superimposed on

these are '"27-day" and semi-annual flucfhations, the latter leading to the

ey e
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0

suggestioa(~m . Feconua.y heat source ascociated with the solar wind,
Althousgb the general shape of the temporal variation ¢ € thermouspheric tem-
perature apnears toc bz agreed upon by workers in refercnes :.mospheres, it
should he sointed out that a direct measurement by French investigators o1
the neutral gas tempervatur? with the use of a rocketbcime sodium release
expeximent(ll) exhibits a value higher in absolute magn:.tude than most ref-
eréence atmospheres including that shown in Fig. 2b,

jatellite drag determinations have yielded considersble information on
atmespneric deasiiy above 200 km, The Harris and Priester density model which |
is illustrated in Fig, 2o for an altitude of 600 km is consistent with these
previously determined results, Direct checks of densities deduced from sat-
ellite drag measurements have been made by pressure gages flown on the Sputnik

3 and Us(ég) satellites, Density is perhaps the best known neutral gas param-

eter for altitudes above 200 km,

D Region Electron Densities Under Quiet Solar Conditions

Spacefiight observations made during the absence of solar flares show that
the three most probable ionizing agents for the mid-latitnde D reglon (50 - 85 km)
are cosmic rays, Lyman o (1215,74) and X-iadiatior (2-82). fhe Lyman o energy
flux (3-6 erg c:m—z sec-l) is relatively constant with solar cendition, Measure-

(4L
men.s made principaliy from Us(lg) and British‘sl)

satellites show that the X-ray
vnergy flux, on the other hand, is extremely variable (Fig, 3).

Theoretical model:s are hermonious ia characterizing the region below 70 km
as one prolduced by cosmic rays and containing ¢ high negative ion density (u_ ),
However, chero is some discord in the hypotheses for the formation of the 70-85

km region, some models(éé’ﬁé) preferring the action of Lyman @ radiation on
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ritric oxide, a trace zo-stituent, to the ioniration of the major atmosphe: iv
consiituents by X-radiatiun(&§).

Electron density (ne) profiles fer thé "guiet" D vegion have heen measured
from cockets with rf probes Ly USSR invest’gatcrscﬁz) and with a Faraday rotarion
technique inveolving transmission from the ground to the rocket cf a 3 Mc/s signal

L . ay oo ' ; .
by a team'of US-Norwegian investigators >, TIne latiesr rtesult (Fig, 4) i quire

£}

corsigtent ir the 70-85 "m with that obtainedi- in Canada by gronad-based meihods,
In their discussion of the result illustrated ia Fig, 4, the investigators em-
phasirme: (a) that the electror abundance in ithe region believed to be produced

by cosmic rays is higher than theoretical ewpeciation: (b)) that even using
fluxes typical of a disturbed sun, X-radiation is insufficiently energetic to
account for the observed ionization at altitudes between 70 and 85 km (theoretical
curve II); (c) that the experimental electron density profile is better fitted
by the Lyman o hypothesis (theoretical curve 1); and (d) that the minimum in
electron density at 83.% km which coincides with the mesopause is possibly due

to either a decrease in the NO f .nzentration or to attachment of electrons to

dugt whose existence has been detected at this altitude by rockets flown in

Sweden(éé),

D Region Jon Deasiries

There have been preliminary experimental attempts to describe the ionic
charaztevistics of the D region by Japanese(é’ﬁ’gl) and Us(lz”ég’éé’ég)workers,
using different techniques but pli involviig direct sampling cf the rocket's
environment, The need for additional theoretical work to permi: translation of
thr mneasured ion curvents into meaningful geophysical parameters at altftudes

below %0 km has been emphasized by some of these investigators 21’29). This

-~
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precautionary statement applies throughout Lne discussion of Fig, 5 which
aum@arizes those positive isu dersicy (q+) pr.oiiles reported for the eutire

D region. As with the n, values in Fig. 4, all three profiles show a higher
n, abundance thau theoretical models for the cosmic ray-produced regio.. beiow
70 ki, The order of magnitude difference in the profiles at altitudes 70-85

km would not be expected from data presumsbly obtained -mdev sisilar solar con-
ditiori,

Ion densities measured by Japanese workers are not inciuded in Fig, 5, only
becauvse they do not evtaend below 80 im, At 80 km, their spread of values brack-
cts ¥hippie'’s result, Between 75 and 85 km, the n, values reported by Whinple
agree within a factor of 2 with the g values from Fig. 4, This im turn is in /
qualitative agreement with the theovetical D region models af Nicolet and Aikin(ﬁi)

62)
and of Whitten and Poppoff —=

which claim a negligible n_ sbove 70 km, On the
43 cio . .

other Land, the model of Moler =" contains u ratic of 10 for n /ne at 70 km

which would be more consistent with the Smith and Sagalyn erpecimental n, pro-

filegs, It is obvious that more work is required to (a) brirg the theyrstical D

region models into closer agreement and (b) deternine if the wide spread in the

reported n,_ values 1s veal or vepreseits the need for re .nement of the experi-

mental techniques,

The Disturbed D Regicr

There are many paeiomens whicn enhane : U region ionization and a vesulting
increase electcomay.r'ic wave attenuation, The measured degree of n_ enbhance-
¢ e
ment for diifevent types of events is illustrated in Fig, 6, The measured quiet

K]

'« irom Fig, 4 is included for comparison,
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Simultaneousiy with the appearance of a solar flare, radio absorption
is obgerved in iéﬁ B ceg’on on the suniit side of e eartl: for periods last-
ing up tc approxima’ ely one ho;r (Sudden fonospheric Disturbancey., It is
possible to ziscribe rhe increaced ionization ts sbnormally high X-rey flukes
whfich werye oboervad from rsekers(ié) at extreﬁelv low D region altitudes, A4n
empiricat correlation has heen found(ég) between the occurrences of radio fad:-
cuts and the cimes whenrthe X-ray flux <34 measured on the GREB satellite ex-
ceeded a critical value of 2x10-3-;rg cm—z séc‘l. S, 1. D.)eleétron density
profiles have not been measured from:;ockets. However, a profile (curve Cj
illustrated in Fig. 6 vas obtained experimentally. at the time of a 2 flare by
Belrose and Cetiner(g) using gtéﬁﬁﬁ~beséd.methods.

'The_influz of eﬁergeticﬁﬁrctons at auroral lgtithde§ during solar flares
produces enhanced icnization (Polar Cap Absorption)vunique to this latitude
;egion. Rocket measurements of ;he'ne profile during a PCA event are limited
to the vesult icurve E.of ¥ig, 6)-of Jéckeop and Kane(zl) obtained during the
€arly plases-(3 db absorptior at 30 Mc/é) of the event by use 2f the familiar
Seddon CW p#opag;tlon experiment,

4t high I&tituées, the D region frequently is characterized by aurcral typ=

- absorption, Aikin and Nsier(g) have trc. ' ed this phenomenor, thecretically,

attribuﬁing the enhancel ionization to di.cct (above 70 'am) and indirect

(béemsstrahlung helow 70 km) effects of penetrating aiergetic electrons, Their

;héqretlcsl profiles zre in approx mate agreement with the rccket result (curves
B and D in Pig, /) cbtained under varying degiees »f suroral abrorption by a team
; Y

of Danish und Norweglan investigators(éz' whe .sed ground-io-roccet propagation

expzriments,
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D Region Electron Cpllision Frequencies

Together with the existence of ir ‘e electrons, tke inherently high
electron collision frequencies make the D region the most important ionn-
spheric sub-divisior froc the standpcint of radic absorptirm, The eaily

(33) now have been

rocket glectrnn calligion freguency measurements of kane
supplemented by the Danish-Rorwegian workeregég) from the FERDINAND rocket

program, In their summary (Fig., 7) of the overall results, the lartar suggest
that their data and that of Kane possibly can be separated into twec groups to

illustrate a seasonal :ffect,

Solar Radiaticn Intensity in the E and Lower F Regions

Significant contributioneg tec the physicsﬁof the E and lower F régions have
resulted %rom rocket measurements of solar EUV intemsity.. Thege data teﬁd to
erplain qualitativel, the general characteristics of electron density profiles
measured in the lower ionospheve, Two such n, profiles, one cbtained by the
Japanese with their resonance probe(g) ané¢ the other by a CW propagatior. ex~
periment(éy are shown on the right-band side of Fig, 8, These profiles confirm
earlie: rocket measurements in showing {a) the high n, gradient which constitutes
the base (85-100 km) of the E region and (b) that the lower daytime ionosphere
is characterired by a monotonically increasing electron densiiy rather than
distinct layer separation between the E and F vegione,

Hinteregger and Watanabe(gé) have convaniently classified the fermer's solar
radiation data into four groups, The altituide dependence of the fiux of the
strongest fe;tute in each group is illustrvated in the left-hand side of Fig, &
ag follows: € II1 in the 'and 102749112, the Lyman continuue in the band 911~

G
7964, He 1 in the vand 630-465A and He II in the band 370-2£0A, Tha dfscus. ion
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vhich follows is principally their interpretatiom of the relative importance
cf ELV radiation to ioniza®inn profiles such as those shown in Fig. &,

Galy the region below 120 km is dominasted by a single group (1027-911%).
This‘is evident from the depth of penetrat.on of C II{ shown in Fig, 8. Hint-
eregRET & atanabe caonclude that absorption of € II1 and M Ly-B:(1025,7g) is
more effective *han that of soft X-rays (10~170§) to thz ion’ zation of the 10D-
120 km region, Other inveatigators insist that soft X-rays :omprise the dominant
source of {onization at these alticudes, Of the two EUV lines, the base of the
E region (below 100 km) i= dominated by H Ly-B although other investigators
additionally include 30-100A X-rays.

Above 120 km, the three recaining UV groups (911-2¢0A) each contribute to
the electron production, The superpositicning of the contributions from each
group is such that no "layers" of the simple Chapman :ype would be exsected in

the lower ionosphere, a conclusion verified by the relative smoothness of the

measured electron density prcfiles ghown in Fig, 8,

Ion Froduction and Abundance in_the Lower Jonosphere

Watanabe and Hinteregger(ég) have combined rocitet data on UV fluxes with an
assumed model atmosphere to infer the altitude dependence «f photoionization rates
as a runction of wavelength (¥ig, 9a) and of the rates for production of individ-
ual species 0:, ot and N; (Fig, 9b). They emphasize, in view of the uncertainty
in our knoéledge of stmospheric composition as discussed briefly in section 1,1,
that these cu.ves are suggestive rather than quantitative,

Some indication of a few of the importent lower ionospheric reacticns has
evolved by a comparison of such inferred procuction rates with the results from

rocketborne jon spectrometers obtained by Usiéé’él) and USSR‘zé) workers, These
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results agree in identjfying the three wost abundant ions belcw 200 km as
+ ot + . . .
02, $0° znd 0 with the latter becoming the ost abundaut zbove this level.
g .. . ) . Gy ;
Typical of tt-se data is the mid-latitude result gaown in Fig. 9¢. The -
c. ) + L.
moet likely explanation for the ideptification of N, as & trace icnic con-
stituenl even though its rate of production 1s high is its correspondingly
. ; - + -+
high d_ssociative recombinstion rate (N2+e¢N'+K“). The existence of N0 as

an impor-ant E-regioa ionic constiruent even though it is net directly produced

is probably uxplained by ion-atom laterchange, specifically d#+N24NOf+N.

The Piurnal Behavior of the E Region \ L
The recent introduction into rocket eaperimentation of ion and Langmuir
probes with their high sensitivities peraits our first insight into the diurrsal
characteristic of the E region, Some of the Japanese(&l) n, and the US notéé) E
xesulcs are collected in ¥fg, 10 to iilustrate tLhis diurnal behavior, Both
jroups concur in classifying the daytime E regiorn as relatively smooth with no
significont valleys of {fonization, More iwmportantly, their work togather identif§
the nighttine profiles as having considersble irregularicies superimposed on a - :{
deep n, valley which tends to separate the E and ¥ regions., These valleys are
readily spparent at altitudes above 120 km in Fig, 10, Confidence in these data
comes rrom the agresment which the Japanese obtained between their ion probe &nd
n, cetermined by their resonance probe in the daytime icnosphere and from a si-
multaneous comparison(éz) for a daytime condition of the results from the
Langwuir probc and a propagation experiment,
Another contribution rrom beth sets of experiments has been aidditional de- :

scription of the lonizatiun characteristics of the sporadic-E or Es’ layer, an



Vi -16-

example of which(éﬁ) is shHywn in Fig, 11, TLayers as thin as 0,45 kn with
a horizontal dimensivn of at least 72 km have heen defected, Ionization
enhancements of up te a factnr of 10 above “he average E region densities
have been measurcd, Some of the prevailing theoriesié’éé) to explain ES
ionizaticn suggest that in ihe presence of a magnetic field, transport to-
ward the Sourh on the low side of a wind shear and toward the North on the
hign side of the shear would reosult in concea*ration of the plasma at the
gltitude of zzro velocity., However, these hypotheges have not been veri-
fied by the results from nearly-simultaneous latnchings of two rockets,
one to measure wind shear and the other L The results(éé) illustrated
“in Fig, 12 instead show that the E8 layer detecteﬁ at 100 ¥m is associated
with an East-West shear in which the motion is toward thbe East below the
i*yer and toward the West in gnd above the layer., As therresults show,

the relationship betwsen E-region ionization and wind shear is not obvious,

ket Measurements of Electrxon znd Ion Densities Above the F2 Peak

HYost theoretical models explein the formation of the F2 peak as the
result of competition berween production, s height dependent logs rate and

diffusion, with dif{usion predominating above the F2 peak, Early rocket

20}

(
measurenents of n, above the F2 peak were made by Gringauz “—
Berning(zg).

and

Sigrificzat interpretations have come from upper ionosphere profiles
obteined more recently. Scale height changes in such profiles have been
interpreted mostly in terms of changes in lenic composition, Hanson(gg)
has cuggested from a daytime iun density profile obtained by Hale that

during 196C the predominant ifoni: constituent at altitudes between 1290
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and 3400 km was He+, cenfirming Nieclet's suggestion that helium i3 an
importent cenmstituent of the excsphere, F¥From this same profile, it also
wag suggested that (Té+Ti)/2 was con:stant with altitude with a value cf
IGOOOK, where Te and Ti are the electron and ion temperatu_=s, It "ws
since been shown that the two transition levels separaiing the 0+-Hé+

and the Hé+ -H+ regimes exhibit a large diurnal and golar cve'le variation.
This is illustrated in Fig, 13 winich ~ontains s cocmparison of experimen-
tzlly-obtained day and night profiles, Curve B obtained by Bauer and
Jackson(Z) has been interpreted by them as corresponding to a2 value for
(Té$Ti)/2 of 1300%K aprroximstely constant with aititude with o* pre-
dominant below the apparent transition level and Hé+ above, According to
Donley(lg) » the experimental prefile is consistent with a theoretical
model by Rauer {curve A) and thus a much lower altitiude of transition irom
heavy to light ionic constituents, the region just above the F2 peak «or-
responding to ot with (Té+Ti);2 = 800°K while the extreme upper portion
corresponds to B aith (Té+Ti)/2 also approxinmately equal to 600°E, Most
of the roclet profiles extending to high altitudes have been interpreted
in terms of an isothermal ifonosphere in diffusive équilibrium. These re-~
sults were obtained at restricted latitudes and during the middle of the
tolaxr cycie, Other data discussed in succecding seciions show that the
crncept of an upper ionosphere ;n diffusive e 1iibrium with TéPIi cori~
stent with altitude does not ¢xactly apply in all latitude and temporal

condiiions,

Rocket Measurements of Electron Tamperature

The interrelstionship of electron (T ), ion (Ti) and neutral gas crg)
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temperatures is a sensitive and impozrvant index of reactions tagking place in

s , 17,23 . . 5
the ionosphere, E&xisting theoretical arguments —~=" for the midday ionoephere
suggest large departures from temperature equilibrium in the 150-300 lun region
but smaller temperature differencer in the E and upper F regions.

Some altitude profiles o” Te aow ars available from r_cket flights of the

. 5
Japanese resonance Qrobe‘g a1 from the work of Brace and Spuncer(l-“who used

en ejectable symmetric Langomuir probe, The early resonance probe resu.ts were
the first to show that temperature ejuilibrium couid exist in the E region£§2
These particulaxr results were cbtaincd almost simultaneously in time with one of
the symeetric Langmuir probe flights., The vesults of Bru.e ard Spencer are sum-
marized in Fig, 14, The quiet day Wallops Island results are i.. good agreement
with vhe Japanese E region deta and the entire profile is coasistent with the
theoretical wodels 6f Hanson(gé) ard Dalgarno et ai(izz

The remaining three profiles represent conditions where significant de-
pcrtures from temperature equil .brium can be expected at all altitudes, specifi-
cally under disturbed conditions at mid-latitudes and at high latitudes for both
geiet and disturbed conditions. hign E region electron temperatures also have
been observed with the Japanese resonance ptobe(g). Although the data do not
extendeell above the F2 peak, three of the Te profiles in Fig, 14 do suggest
thai the chiarged particle temperature is not always isothermal in this region,
factor which would complicate the interpretation of eleciron density profiles

in c.rms of Te, T, or ion masses, As discussed in a succeeding sectiom, this

i

conclugion is supported by Alouette satellice and ground-based backscatter re-

Sults.
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IONOSPEERIC RESFARCH RESULTS FROM SATELLITE EXPERIMENTS

Satellite Measurements of Electron Temper:ture

Extensive electron temperature measuremerts have been made on two
satellites, A diurnal variat<on of Te {Fig. 1%) appiicable to magnetic-
ally-aquiet days (AP<15) during November 1960 has been obtaincd fro.. tte
Explorer VIII satellite on th2 questionavle assumption that Te is indep-
eadent of altitude, Bourdeazu aud Donley(l&) éummarize the results as
follows: (a) the average Te ohtained between 400-600 km during the six~
hour period centered at midnight was 306K with a standard deviation of
150°K; (b) the average T¢ obtalined at altitudes hetween 1000 and 2400
gm during the six-hour period centered at 1300 IMT was 1600°K with a
standard deviation of ZOOOK; (¢) thte most promounced features oi the -
data are the high values observed in the sunrise period at 600-900 ka,

In Fig, 15, these data are compared with the Harrig-Pricster 'I‘g modal
corresponsing to the same epoch of the solar cycle,

With the benefit oi a tape recorder, =ven more extensive measurements
were made in the region 400-1200 km during April-June, 1962, by British
investigators(éé) with the use of th2 Ariel satellite, Their preliminary
vesuits which also assume an altitude-independent Te are compared with the
Harris-Priester Tg model in Fig. 16, Because of the large quantity of data,
Willmore et 51(92) have been able ro show that Te increases with latitude and

thus suggest that corpuscular radiation becomes lmportant at high latitudes,

Satellite Measurements of Ion Compogition

Ionic composition iLag been measured with high resolution spectrometers

28)

on the Sputnik 3 satellite™=’ ana with spherical retarding potential analyzers
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), Ariel(éé), and Cosmos 2 satellite(gl’, and with planar

or the Sputnik 3‘;2fﬁ
retarding potential analyzers or the Explorer VIII satellite(lg’l&>. These
recults are generally consister* with each other and with Bauer's suggestion
© that the upper ionospheric composition is sftrongly dependent on atmes-

pheric temperature, This behavier is illi strated in Table 1.

TABLE 1, SUMMALY OF >ATIZIVITE ION COMPOSITION RESULTS

Altitude: Altitude:
) + + + +

Date Time Spacecraft n(He )=n(0) n(H )=n(He )
1958 day Sputnik 3 > 1000km >1000km
1560 day Explorer VIIL 1200-1500xm »1800km
1962 day Ariel 950km >1200km
1960 nighttime Explorer VIII §90km >1000km
1962 nighttime Ariel £050km 1200km
1962 nighttime Cosmos 2 570km -

It is seen from the daytime results that the level where d+ ions gives way to
He+ ions descended from above 1200 km tu below 10600 km going from solar maximum
to solar minimum, Under nighttime conditiops, the 0+»Hé+ rapsition altitude
descerded from 800 to abecut 570 km between 1960 and 1962, It should be noted
that the detection of Hé{ and ﬁ+ ions now has been accomplished with a rocket-

botne bigh resclution Speccrometer(ég).
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Local “harged Particle Dengity Measurements from Sateliites

8)

‘‘on densities have been measured on satellites with sphericalﬁé; and

planar(ié’gl)ion traps, Additionally, Sayers et al(él)obtained large quan-
tities of n values by use ¢f an rf impedance probe on the A.iel satellite,
Their most significart result ia the detection of enhanced ionization which
follow particular magnetic shells defined Ly a constant "LY wvalue using the

McIlwain notation, They report enhencement for L = 1,27 + .05, 1.09 + ,05 ard

approximately 1,75, Similar stratification was subsequently found in the

Alouette satcilite results discussed in the succeeding -:zc1om, These "ledges"

of ionizatizi 2lso indicate that in the topeside ionosphere the zlectron density

does not alway< decrease exponentially with gltitude in a manner consistent with

a vertical dirfusive equilibrium distribution,



7.

Vil -l6-

REFERENCES

Aikin, A, C., Kane, J. A, and Troim, J., "An interpretation of a ro~ket
measurenent ¢ f electron density in the lower ionosphere', Space Research
IV, in process 1963,

Aikir, A. C, and Maier R, J.. "The effect of auroral bremsstrahlung on
the lower ionusphere', Proc, NATO Advanced Study Ins:titute, Norway, in
press, 1963,

Aono, Y,, Hirao, K,, and Miyazaki, S,, "Positive ion density. electrom
density and electron temperature in the ionosphere by the KAPPA-8-5 and

6 rockets'", Journ, Rad. Res. Labs., Japan, 3. 453; 1661,

Aono, Y., BHirao, K,, and Miyazaki. S., ""Rocket observa.ion cf ion densgity,
elecuyon density and electron temperature in the ionosphere”, Journ, Rad,
Res, Labs,, Japan, 5, 407, 1962,

Axford, W, I., "The formation and vertical movement of dense ionized layers
in the ioncsphere due to neutral wind shears", J. Gecphve. Res,, 68, 769,
1963,

Bauer, S. J,, "Helium jon belt in the upper atmosphere”, Natare, 197, 36.
1963,

Bauer, S. J, and Jackson, J. E.,, "Bocket measuremznt of the electrca dri-sity
distribution in the topside ionospher=", J. Geophys., Res., 67, 1675, 1.4~
Bauer, “, J, and Jackson, J, L., "& <vall wulti-purpose rocker payloan

for ionospheric studies', Space Resez & 1Y, in process, 1963,

Belrose, J, S. und Cetiner, E., "Measureront of electron densi*t ', - the
icnospheric D-region at the time of a 2+ solar .iare', Nawure. | 488,

1962,



11,

13.

15,

16,

17.

L8,

19,

20,

Vi -17-

Berning, W. W., "& sounding rocket measurement of electroa densities

to 1500 kijometers', J. Geophys. Res., 65, 2589, 1960,

Blamont, J, E,, Loy, M. L., Schneider, J. P. and Ceurtes, G., "Meisure

de la temperature de la haute atmospheve a l'altitude de 370 km',

Space Research I1, 974, 1961,

Bourdeau, R, E., Whipple, E. C., and Clar, J, F., "Analytic snd ex-
perimental electrical conductivity between the stratosphere and the
iorosphere”, J. Geophys, Res., &4, 1363, 1959,

Bourdeau, R, E., Waipoie, E, C,, Donley, J, L., and Bauver, S, J.,
"Experimental evidence for the presence of helium ions based on Explorer
VIII sasctellite data", J, Geophys. Res., 67, 467, 1962,

Bourdeau, R, E, and Donley, J. L., "Explorer VIII satellite measurements
in the upper ionusphere', Proc., Royal Society Conference, London, May 1563,
Brace, L. H., and Spencer, N, W., "Jiract measurements of positive ion
density and electron temperature in the F-region by ejected electrostatic
probes', Proc, NATO Advanced Study Institute, Norway, 1963, in press,
Chubb, T, A., Friedmau, H. and Kreplin, R. ¥,, Measurcucnte made cf
high-energy x-zays accompaunying threz class 2+ solar flares", J, Geophys,
Res,, 62, 1831, 1960,

Dalgarno, A., McElroy, M. 8., and Moffett, R, J., "Electron temperatures
in the iounosphere", GCA Rpt, 62-11-N, 1962,

Du.tey, J, L., "Evperimental evidence for e low foi-transition altitude in
the upper nighttime ionosphere', J, Geophys. Res., 68. 2058, 193,
Friedman, H., "Solar radiation', Astronautics, 14, August, 19062,

Gringauz, K, I,, Jokl, Akad. *.uk,, S$SSR, 12C, 1234, 1958,



-

*

21,

22,

23,

25‘

26, -

27.

28,

29,

3G,

31,

VII -8~

Gringauz, K. I., Gorozhankin, I, N,, Shr “te, N, M,, ;pd Gdalevich, G, L.,
"Change of charged pavrticle density distritution and ion composition in
the outer ionosshere since the solar activitv maximum acccrding to data
obtained by ion traps on the Coswos 2 satellite”, Space Research IV,
Warsaw, in press, 1963.

Hanson, U. B., "Upper ~tmosphere helium ioms™, J, Ceorhys. Kas., 5/,

183, 1962,

Hanson, N, B., "Electres temperatures in the upper atmosphere, Snace

Research III, 1963,

Harrts. 1. and Priester, W., "Theoreticai modeis of the solar-cycle

varistion of th« upper atmosphere™, ., Geophye. Res., 67, 4585, 1962,
Hinceregge?, i, E.. “Absgrption spectrometric analysis of the upper
atmosphere .p the EVV reéion“, J. Atmos, Sci., 12; 351, 19862,
Hintereffer, H, E, a2ni Watanabe, K., "®hotcionization rates in the E-
end ‘¥ vegions, 2, J. Geophys. Res,., 67, 3373, 1962,

Ickimiya, T.,‘?akgyama, K. and Aomo, Y., ”heasutegent cf positive ion

density in the icnosphere".,&Jdv. Rad, Res, Labs., Japan, 7, 153, 1960,

- Ustomin, V, G., "Some results of measurements of ngse spectra of positive

iors on the third Soviet artificial earth sateilite", Artificial Earth
Satellites, &, 41, 1960,

Jacchia, L, G., “A variable stmospheric deosity model from satellice
accelerations’, J, Geophy's. Res., 65, 2775, 1950. 7

Jacchia,>L. G,, "Satellite studies of the tpper atmospher:>", T.ansections
AGU, 45, 430, 1963,

Jackson, J. E,, and Kane, J, A,, "Measurement of icnospheric electron

d-.usities using an RF probe techrigue"”, . Geophys, RKes,. (%, 1074, 1959,
q A >



13,

34,

15,

36,

37.

39,

a0,

41,

42,

Vii-19-

Jespersen, M., lestersen, 0,, Rybner, J., Bjelland, B.,, Holt, 0,, and
Landmark, B., "Electron density and collision frequency observations in
the lower D-region during auroral absorption’, Norwegian Space Research
Committee Rervort No, 3, 1963,

Jchnson, Co Y., Meadows, E, B., and Holmes, J, C,, "Ion composition ot

the arctic jonosphere", J, Guophys. Res,, 03, 443, 1938,

Johmson, F. S., "Atmospheric structure', Ascronautics, 8, 54, 1962,

Kaue, J. A., "Reevaluati~n f ionospheric electron densities and collision
frequencies", J. Atmos. Terr., Phys., 23, 338, 1i9vl,

King-Hele, D, 5. aud Walker, D, M, C., "Upper atmcsphere density during the
veavs 1957-1%61 determined frow satellite orbits™, Space Research I1, 918
1961,

Xrasnuskin, P, E,, and Kolesnikov, X, L., "Investigation of thes lower iun-
osphere by means oY long radicwaves and rorket-borne low-frequency radio-
sondes', Dckl, Akad, Nauk., SSSR, 3, 596, 1962,

Krassovsky., V, I., "Exploration of the upper atmosphere with the help of
the third Soviet sputaik', Proc. IRE, 47, 289, 1959,

Kupperian, J, E,, Byrar, E, T,, Friedman, H. and Unzizkar, A,, '"Molecular
oxygen densities in the mesosphere over Forw Churchill', Ann, Intern.
Geophys, Ur,, 12, 440, 1960,

LaGow, H, E,, and Minzner, R, A,, "At-wspheric structure ard composeition
obtained from direct probing experi;?nts", Fransactions AGU, 44, 439, 19%5,
Maecda, K, and Hirau, K., “A review of upper atmosphere rocket research in
Japan'’, Planet, Space Sci., &, 355, 1962,

Meadows, E, B,, and Townsend, Johp W,, "IGY rocket measurements of arctic

atmospheric composition above 100 km", Space Research 1, 17%, 196(,



43,

b,

46,

48.

49,

50.

/11 -20~

Moler, W. F., "VLF propagation eifects of a D-region layer produced by
cosmic rays", J. Geophys. Res., 635, 1459, 19580,

Nicolet, M,, "Helium, an important constituent in the lower exosphere',
J. Geophys. Res,, 6{, 2263, 1961,

Nicolet, M,, and Aikin, A, C., "The formation of rhe D-region of the
ionosphere™, J. Geophys. Res., 63, 1469, 1960,

Paetzold, H., K., "Solar activity effects cn the upper atmosphere after
satellite observations', Space Research III, 1963,

Pokhunkov, A. A., "Mass-spectrometer iunvestigations of the structural
parameters of the earth's atmospheve at altitﬁdes from 100-210 lm",
Planetary Space Sci., 9, 269, 1562,

foppeff, 1. G,, and Whitten, R, U,, "D-region ionization by solar x-rays",
J. Ceophys, Res., 87, 2986, 1962,

Pounds, K. &. and Willwore, A, P., "Some early results from the x-rayv
spectrometer in satellite U,K.1”, Proc. Intern, Conf. c¢n the lonosphere,
Bartholomew Fress, 1963,

Sagalyn, R. C., and Smddy, M., "Rocl invesrigation of electric stiucture
oi the lower i~acsphere', Space Regearch 1V, 1n éress, 1663,

Sayers. J., Roihwell, P., and Wager, J, H., "Field aligned strata in the
iovnization above the icnospheric F- 2 layer", Nature, 1963,

Schaefer, E, J., "The dissociation of oxygen measured by a rocket-borne
mass spect:ometer’, J. Geophys. Res., 68, 1175, 1963,

Sharp, G. S., Hanson, ¥. B,, and McKibbin, D, D., "Atmospheric density

measuremants with a satellite-borne microphone guge', J. Geophys. Res.

67, 1375, 1962,



S4.

56.

58,

60.

61,

62,

h3,

ViI-21-

Smith, L. G,, "Electrcn density measurements by the asymmetric prohe”,
J. Geopnvs, Res., 66, 2562, 1961,

Smith, L. G., "Measurements of electron density profile in the nighttime
E-region', Geophysice Zorp. of America Report 63-22-n, 19063,

Soberman, K, K., Uhit, G,, and Hemenway, C., "The collection of dust from

the mesopavse',

Space Research IV, in prccess, 1663,

Taylor, H. A. and Brirton, H. C., "Atmospheric ion composition measured
above ¥zllops Island, Virginia", J. Geophys. Res., 66, 2587, 1961,
Taylor, K. A., Brace, L. H,, Brinton, H, C,, Smith, C, R., "Direct measure-
ments of helium and hydrogen and total ion concentrations in the upper F-
region and exosphere", Proc. NATO, Advanced Institute Study, Norway. in
press, 1963,

Watanabe, K,, and Hinteregg;;; 4, E,, "Photoionization ates in the E and
F reglons", J, Gecphys. Res., 67, 999, 1962,

Wripple, E. C., Jr., "Electricity in the terrestrial stmosphere above the
exchenge layer'", Thizd International Conference on Atmospheric and Space
Electricity, Montreux, Switzerland, in press, 1963,

Whitehead, J. D., "The formation of the sporad.c-£ laysr in the temperate
zones", J, Atmos, Terr Phys,, 20, 49, 1961,

Whitten, X. C_, and Poppoff, I. G., "A model of solar-flare induced
ionization in the D-vejion", J, Geophys. Research, 66, 2779, 1961,
Willmore, A, P., Boyd, R, L. F,, and Bowen, P, J,, "Some preliminary re-

sults of the plasma probe experiments on the satellite Ariel, Proc.

Interan. Conf, on the I nosphelre, Bartholomew Press, 517, 1963,



GEOMAG ETISM AND THE IONOSPHERE
BY
E., H, VESTINE AND J, W, KERN
THE RAND CORPORATION

SANTA MONICA, CALIFORNIA



GEOMAGNETLSM_AND THE IonospumE,N 65 1 548 V4 ‘

E. d. Vestine and J. W, Kern¥*

The RAND Corporation, senta Monica, Califorania

. ol ¥ /
Ahstract 5 -

The geometry of the magnetosphere and the dynamics of energetic
particles apd plasma trapped within it are discussed in relation to
some problems cf geomagnetism., Local acceleration of trapped parti-
cles is discussed, and the possible origins of electric fields and
their roles in this and other magnetospheric phenomena are noted.

It is found that mauny phenomena of interest may be newly interpreted

in ter.s of the original Crapman-Ferravo theory of geomagnetic storms,

,.‘\ ot /( 5o

Acknowledgments .

It 15 a pleasure to record our indebtedness to Drs. Louis

Henrich., and E, C. Rav in connection with this work.

*Any views expressed in this paper are those of the autnors,
They should not be interpreted as reflecting the views of The RAND
Cocporation or th- official opinion or pelicy of any of its govern-
mental or private research sponsors,




VIII -2-

I, Introduction

Near the earth, many n4tural processes appear to be domiuated
by the geomagnctic field. In receat years, discoveriaes and obser-
vations made by artificial satellites and apacte probes nave greatly

-

extended our knowledge . © these processes, The proliferation cof such
observations has in fact greatly s'‘rained our ability to interpret
shenomena in the light of theory, This situation is by n. -eans a
new one in geomagnetism, For more thar half & century, ionnspheric
research of importance to radio has beern clesely linked co that of
importance to pgeomagnetism, As eiriy as 1883, Balfour Stewart(l)
suggested that 1onized regions of the upper atmosphere might be the
site of upper air winds blowing tc produce varying electric currente,
causing changes with time in the geomagnetic fizid, The possibility
that nore than one ionized region might be involved arose in the
course ol the further developnent of Stewart's dynamo theory of the

(2)

geomagnetic variations, The cause of the ionized regions was
thought to be wave radiation, In addition, contributions of solar
charged particles to the ionization at levels near 100 km was dis-

3) in his studies of the auynrral-zone electric

cussed by Birkeland(
currents causing geomagnetic bays, He found that these electric
currents must, on occasivn, exceed 1,000,000 amperes, and heuce
require a ceonsiderable flow of ionized particies within the atmos-
phere, He also undertook experiments in which he opropelled electrons
within an evacuated chamber toward a small nagrnetized terreila simu-

latiug the earth uwagnet, These exyeriments provideu photographs of

illumineted features on the terieils and of ring crrrents at higher

R
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levels, whicn furnished graphic aids »f inspiratic: 4l importance

to theoretica) workers in geomagnetisr and aeronomy over the 60
year pericd that foliowed. The concepts introduced by birkeland,
though based -ipon experiments v plasma physins, were discussed

in terms of particle physics, The fiuid concept of pilasma physics
had nct yet been brought forward, though flew of electricel and
magnetic energy as effluvia down geumegvciic field lines hl been
postulated in rudimentary form as early as 1693, ir discussions

of auroras, by Halley and «there, Tt is thevefore clear thac some
early studies in geomagnatism provided ifundamentel cont:iilutions

to ionospheric research, Since some geomagnetic time variations
arise from varying currents {lowing in rhe ionospnere, and ave
dynamic manifestations of the ionosphere :in motion, measurements

of the geomagnetic variatious supplement the information obtained
irom ionospheric soundings, Of cenrse, most of our knowledpe of
the icnosphere has come from the exploraticen of the ionosphere by
means of radio waves, propagateu both upwards from the greound and
downward from earth satellites moving above. Ionization has also
been measured directly by rocket~borne instruments, The discovery
of the Van Ailen radiation belts and their subseruent exploration
by artificial sate.lites and space probes added a new dimension tec
the probiems of interest te geomagnetism, The intevact ! ons between
tne ionospliere and trapped energetic particles came to be recognized,
aud the electromagnetic effects of encrgetic plasmas imbedded in the
geomagnetic field presently piay an important role in theoretical

studies of gcomagnetism i the loncsphere,
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It will be the aim of the present paper tc summarize anc discusz

our current understand.ng of a faw selected aspects ca geomagnetism,

“) or
(5,v)

Pote is first taren oi the solar streams of Chapman and Ferraro
of these superposed in time and gpace, comstituting & colar wind,
The inieraccicn 3f a solar siream with the magnetosphere is next dis-

cussed, with special atZerntion t> injectiou and acceleration of sclar

strear plasma alcag the boundary of the magnetosphere, Contributions
of hydromagnetic shock waves fo the energy of the particles in the

magnetosphere are also very briefly noted following Dessier, Hanson

@ )]

Kern,( ) KRellogg, axd cchers, The precipitation of

'particles into high latitudes to produce radio blackeuts discussed by

10) , - {11) 12)

Agy, a3

and others; is mentioned
(14)

¥Wells, Hakura, Mataushita,

tcsethex with the auroral and elect: 'pjet theories cf Martyn,

(15) (16} an (18) 19

Nagata, Fulkugsh:ma, =~ ~ Kern, Fejer, and Swift,

Associated motions of *he ionosphere, especially the ¥-region,
are noted along witl pulsations in the geomagnetic field and coujugate-
point phenomena. F~region effects on magnetically quiet days will also

be noted with particular rveference to-the studies of Raccliffe,(zo)

Hirsno and Haeda,(gl)

.and others; included will be some remarks on
dynamo-thcbries of the E-region. There also were early suggsstions by

Vestzne( 2) WUlf(ZB) that the dynam» theory or [luid mechanics of

", the magnetosphere might give rise to magnetic disturbances, through

geparation of charge by ionospheric mozions such as zonal winds, with
a éonsequen;_genération of electric flelds and accelcraticns of pare
ticles in thé_ﬁqlar ionosphere, Vestine also suggested that hydro-

magnetic waves might be propagated within solar streams from sun to
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(22)

earth, eventnally producing effeccs at ground level, The

hydromagnetic treatment of .pagrnetospheric phenomene is also rnoted

1ollewing Axford eanu Pines.(za)

11, Geomagnetic ani Ionospheric Disturbences Asscciated With

" i

Solar Stresms
it i3 well Lnown that disturbances at icnospheric levels, such
as magnetic crochets and solar radic blackou'.s are often successfully

(23) It is alsc well incwn that other ionos-

linked to solar fiares.
pheric disturbances, end geomegreti: and aurzral a2ffeects appear a day
or s after a solav flare, This time intervel corresponde to the
travel times ¢ particles of & few hundred electron volts between

the sir and the earth. During great solar flares, protons and other
particles with enerpies approachivg tens of hlllions cof electron

volts are “nown to arrive at icnospheric levels, These produce

polar radio blackouts, which appea~ a number of days each year. On
occasion, particles presuamably of solar arigin have penctrated to
ground level, even at t'ie equator, where the energy requirements

for penetrarion are exireme, These spectacular effects of high-
energy particles, though very interestimng, contribute a much small-

ar total energy than do the large uumbers of lower energy particles
impinging on the jonospuere, The latter are thought of as having
acquired energy in nr near the active solar regions in some mannér

n&t yet understood, Until recenily even low energ) particles incident
on the atmosphere were thought to come directly from the sun. But

toa energy flures of such low energy particles measured within the

terrestrial atmosphere exceeds -hose expected from the results cf
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space probes ocutside the magnetosphere; therefore, a mechaniem for
acceleraring particles within the magnetosphere geems necessary,
Particles sucl: as those obseived over somz months by Mariner II in
its flight to Venus have travel times of about a day between the sun

and the earth, and the particle fluxes resemble (though not in de-

(L)
+ail) the solar outflows postulated long zgn by Chapman and rerraro,

i)

L1, The Chapman-Ferraro Theory

Figure ! showc an ideslized solar-stream counsisting of {ons and

mlectrons with temperatures of a few tens of electron volts inter-
acting with the geomagnetic field, as imagined by Chapman snd Ferravo,
The particles in the stream move radially outward:s from the s:n, and
successive faces of the stream are shown. The interaction of & solar
stream with the magnetcosphere is shown‘again in Fig. 2, f[he geo~
magnetic field and its contents are compressed, and the solar stream
passes by on a1l sioes, 1t wss suggested that particles might eater
the magnetosphere on the day side at two singuiar points, one in high
northern and the cther in high southern latitudes, The figure also
shovs electyic charges distribufed on the boundary on the night side,
This charge distribution will give rire to an electric field within
the magnetospheve, Crcssed with the upward directed field lines of
the tervestrial dipole (st the equator), such an electric field would
drive particles towards che earth and intc the magnetosphere and
radiation belts, We shall consider this charge distribution lster

in connection with the results of Explorer XIV for electrom fluxes

Al

in the night:ime magnetosphere,
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Since some magpetic disturbances are measured at ground level
every day, streams ¢f varying censity and particle e.ergies are
probable, Thus, solar streams must de considered as irregu’ar, and
their interactions with the magneLosphere are probably nonlireer.
even for the initial phase of a storm that was worked out analyt-
ically by Chapman arnd Ferraio, This circumstaunce has been discussed

2]
G) Obayashi,(26) Elliott,(ZI’ Rcssi,(zs)

by Parker, and otuers,
though without much anralytical detail because o: the inheremnt
difficulty of the problem, A substantial advance in information
that cenfirmed some details of the early work wss provided by th:
information oa interplanetary plasmas and fields obtained aboard
Expiorer ‘,(29) and subsequently by Mariner 11 observations bervszen
the earth and Venus, reported by Nengebauer and Snyder.(30) Figire

3 shows a quiet-day pattern of magnetic field lines for a 300 lm/sec

solar wind.(31)

Both the front of a solar stream and any magnecic
fields carrizd radially outward by the stream become spiral in form--

a consequence of the 27-day solar rotation, Consider a single filement
A, which we regard as a region of enhanced density in the gencral plasma
flow from the sun, As it overtakes the earth each 27 days, it will
increase the compressior on the magnetosphere, within which disturb-
ances that resemble one another in some respect will recur every 27
days, A model of this kind will explain recurrence tendencies for
ionospheriz storms, geomagnetic disturbunces, and aurara at roughly
27-day intervals, A possible simple 27-3lay recurrence cf this type

near sunspot minimum is shown in Fig, 4 for six solar rotations from

September 1943 to February 1944.(32) The iarge pulse enduring about
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one hour near wmidnight, if assumed associated with a density increase
such as for A of Fig, 3, would implyv a2 highly persistent and stable
teature of the solar wind ~- &« narrow filament, The advancing face
of A at the earth will move with an angular veiocity depending on

the rate of solar rotation, and the distance r from the sun, 1If the
filameat passes the earth within an hour (neglecting time constants
cf effects due to the stream filament), we can estimate its cresas
section d., Taking the sclar rotation pericd to be 27 days = 648
houcs, d = (1/648) x 27 x 1,5 x 108 km-- 1,53 x 106 km, This small

filament thickness is much less than a mean free patit in the inter-

et

planecary medium, sc that preservation of such a filament would
require a remarkably stable structure of the stream,

The arrival at the earth of high-energy particles from great solar
flares is often 3ssociated witﬁ a Forbush decrease in galactic cosmic
rays. This decrease appears to be brought about by & change in the

27,33)
distribution of the interplanetary plasme and magnetic field.( =

IV, Marnetosphere Boundary

The calculations of Chapman and Ferraro relating to the boundary
(34,35,36)

o
AslE

" of the magnetosphere nave been extended by a number of workers,
who used verious simplifying assumptions, Figure 5 shows reéults baged
on calculations of Spreiter and Briggs(34) for a dipole magnetic field
inclined ic a 80lar stream, A distribution of charge is shown on the

boundary in ¥ig, 2, in accordance with the Chapman-Ferraro theory orx

% 1933, More recertly Chapman and Ferraro have considered that a deeper
pernietration by protonsc tham by elzctrous 1s expected at the boundary,

resulting orly in a charge separation confined to the boundary.

ARy
[T

%iﬂ
.

=

E

2
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PP

Ary actual distributioﬁ of electri~ charge, such ez that shown %
tentatively in Fig, 2, will ciearly affect charged particles within
the magnetosphere, and will influence the locations and intensities
of ionospheric current systems, 7The discribution of charged particles -
in the tail of the magnetosphere will depend directly on the con-
figuration of the resultant electric fields., Figure 6 shows receat

37

(
results of Frank, Var Ailen, and Macagno® on the flux densities
cf electrons of emcryv grea. 2r than 40 ke. obaserved on Explorer XII e
and Explorer XIV, Note that there is a dearth o¢f ecnergetic electrons

beyond about £ earth-radii, In the absence of perticle sources, the

1
3

wadbabe

W

direction of E x B drift can be inferred to be such ae to give an

e

earthward velocity E/B, sweeping particles from the central rcgion of
the tail, The mrgnctic moments of particles will be conserved during 5

such E x B drift, so that as the particies are driven earthward into =

a stronger magnetic field they are also accelerated, b
It seems necessarv tu suppose that, even in a steady state, plasma
somehow crosses the magnetospheric bounaary from the solar stream, per-

haps due to unsta*’ ripples arising in the boundary far out along the o

(15)

o

tail, “F~ .aportant Belmiioltz instability of a plasma moving in
contact with a magnetic field wrs consideraed by Narthrup,(ag) who showed
(40)

that growing irregularities might sccur, Dessler has suggested that

the sunward boundary cof the magnetosphere is stable, Fer out along the

»

nighttime boundary, however, it seems likely that fluctuations in the
solar stream should give rise to exponential growth of irregularities

in the boundary, much as in the case of suroral curitains and arcs dis-

(41)

cusged by Kern and Vestine, Disrupted irregularities or flutes
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might remain inside the magnetosphere as plasmoids, Such piasmoids
will participate in any general pattein of E x 8 drift motion. Sume
way move earthward into a stronger magnetic field, 4aa adiabatic heat-
ing of such plasmoids by compression will fclilow, Loss of energy from
them will contribute to the ilonization of the pola:r ionosphere, ac has
beon remarked by Hires,

Fignre 7 shows the polariza.ion of plasma moving in a magnetic field.
in an external electric field, E x B arift mocion leads to a polarization

exact1y canceling the electric field inside the plasma.(az)

V. Dynamics and Particle Acceleration in the Mapgnetosphere

Recent observations of the sclar wind, made by Mariner II, have
failed to show energetic electrons in the quantity required to produce
auroras, and insufficient e.ergy fluxes to produce the polar current
systems of geomagnetic disturbances.(37) Since measurzments were made
en route to Venus, and therefore survey much of the region near the earth’s
orhit, it seems necessary to invoke a magiuctospheric mechanism that can
accelerate a part of the existing charged particles of the exosgphere, The
altarnative possibility of accelerating particles by an atmospheric process
has been considered by previous studies, without finding a workable mech~

(17,43)

anism, It has, in fact, been suggested years ago taat dynamo effects

in the ionosphere might contribute electric fields of interest in this

(22,23

coanection, In recent jears these atmospheric fluid-motion con-

cepts have been applied in considerably greater generality to the whole
magnetosphere, assuming energizing to ensuve under the influence of the
d.(24)

impinging solar win The genevation of fluid motions by interaction

of a solar stream with the magnetosphere, hydrodynamic waves (shock waves)
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within solar strveams flowiny from sun to eaxth, and the hydrcomagnetic

(4h)

aspicts of storms, are discus-ed in the detailed studies by Dungey,

45) («6) “7 Cole (6) and, as

Gold,(48>

Piddi.gton, Parker, Desaler and Parker,

has alr-ady beeu noted, in the conprehensive statements of
3 p

and Axferd and Hines.k24)

Even earlier, the fundamental concept of
magnetic fi2lds frozen into plasma sevms to have arisen from storm
theory in works of Ferraro, and later by Alfvén. Because of extreme
analytical difficulties, many of the various suggestions ca.not readily
be tested by specific and detailed calculations as was done “or the
initial phase of stoxrms by Chapman and Ferraro., Accordingly, it
appears likely that major clarifications of the magnetosphere --
ionosphere interactions will follow rocket, satellite and space~probe
measurements éf particle fluxes, fields, and composition of the upper
atmosphere and magnetosphere,

There have been recent suggestions regérding the acceleration of
particles, using concepts of fluid meclLanics, One of the more interest-
ing approaches is that of accelerating charged particles by hydromagnetic

shock waves within the magnetosghere.(7’8’23’A2-51)

There is today some
ancertainty respecting the role of shovk waves in producidg more than
the sudden commencement of storms, because the various space probes have
not discovered sufficiently accentuated wave fronts o{ otential shock
waves inside the magnetosphere, However, the description of the sudden
commencement &s a hydromagnetic shock wave remains cogent.(4’47'48’50’51)
The processes of acceleration actually operative are cof considerable
interest to radio workers, becausc particles are presumably dumped from

(17)

above and {into the ioncsphere, Accovding to Kern, the interaction of
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a solar stream with the magnetosphere may give riee to nonequilidbrium
distribrilions of energetic trapped particles so that electrons and ions
~eparate (due to gr;dient and curvature drifts in the ponuniform magnetic
field), Such charge separation in the trapped radistion giver rise to
cetric fields in auroral regions, As shown in Fig. 8, these drive the

electrojets of bays and cause dumping of trapped particles that produce

radic blackouts in high laiitudes such as those described by Wells(lo)
and others, These points have also been discussed by Fejer,(ls) and *y
Coleg6)

The resulting electric fieids in the E~region of the northern hemi-
sphere will necessarily have a conjugate pattern in the southerr nemisphere,
The driving emf's, whether north-south or otherwise, must act acros. w

(18)

segment of the ionosphere as shown in Fig. 9, due to Fejer, We see

that the electric driving forces produce conjugate electrojets at both

(1) Sirce

auroral zones, a point noted earlier by Kern and Vestine,
mirror~point heights usually differ above conjugate northern and southern
points joined by a geomagnetic field line, aurora ma) appear at one stsiion
end not at its conjugate., Also the electric conductivitics may diifer in
the two hemispheres, so that a weak bay in cne hemisphere may be sccompanied
by a strong bay in the other., Ia the same way, radio blackouts may appear
strongly in the h;misphere where mirror points are low near the electrojet,
and ~ci at all in the other hemisphere where mirror-point heights are more
elevated above ground leve:, This situation alsc applies to the flux-

tube dynamics of Axford and Hines. and should be considered in dieccussing

the effects cof interchange motiont in the magnetosphere,
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Various suggestions have appezred suggesting iuat clectrie fields

assist in loading new psriicles inton the Ven Allen radiatlon belts,

(52) B1)

or Akasofu ana Chapman, wm fact, in at

(53)

e.g,, see Vestine
lenst one theory of magnetic storms due to Alidé&, it 1s shown
that many details of magnetospheric thenomena can be explained by
using electric fields, Alfvén imagined that motion of solar streams
across the solar magnetic field gave rise to the requisite electric
field: in the vicinity of the earth, In the foregoing discussion on
the resilts of Explorer XIV, we have also noted rhe possib’lity »f a
broad sca:. electric field, hased on Chapman aud Ferrarc's calculations
of the charge distribution at the magnetospheric boundary,

A few c¢riment.s relating plasma flow to electric fields In the

(24) note that the

nagnetosphere seew appropriate, Axford and hines
fundarental equation governing the motion of a low energy plasma in

the magnetosphere is E+ V x B = 0, where losses and conducticn in the
ionosphere are neglected, We can derive E from a knowledge of V and B

in a hydromagnetic medium., The only quantity known in even its grosser
agpects is the main-field domipated term B, and as Fejer has remarked,(ls)
in the outer magnetosphere B is dominated by the presence of cv.rents in
the boundary aad hence becomes difficult to include in a quantitative
theory, It is clear that the boundary conditions for the charge yield-
ing E are uncertain. The charge distribution described in III seems
able to supply a distribution of electrons resembling that of Vaen Allen
and his collieagues, But the electron flux distribution could, in

principle, be sipplied by other charge distributions., For example, the

Axford anid Hines circulation sho'm in Fig, 10 can be adopted and the
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charge distribution driving it can be inferred, This In general yields
vaicess charge inside the magretosphere, and zlso requires coasideration
of the nonurifoim dieleciric consiant of the medium and the distorted
configuration o¢f the magnetic field B,

from the Chapman-Ferrarc tharge distribution, we can construct an
oversimplitied model ot the supply of partscies wita plasma driven fon
ward from far along the tail of the wagnetosphere. This flow forward
congtizutes the primary parc of our “circulatian”'scheme, but return
flow, unless cutside the magnetcsphere (which would require mod- {ying
the boundary conditions), is not permitted, Thus the plaswz must be
either dumped or its energy dissipated within the magnetosphere, This
picture contrasts strongly with the Axford-Himes circulaticn pattern
for motions in the magnetosphere (Fig, 10},

vI, Conjugate Point and Other lonospheric Disturbance Phernomena

The tiwe changes of the F-repion and E-region during geomagnetic
disturbance are of considerable interest in radio-physics because of
their importance in radic communications, It has only recently come
to be realized that low energy electrvons in the upper F~region prohably
interchange between hemispheres along geomagnetic field lines, This
means that equatorial aromalies In the F-region require interpretation
in terms of conjugate point locations, & matter rerently discussed in

(20)

a critical review address by Ratcliffe, A coavenient chart of

(ﬂ’h}_)

conjugate points given re~ently by Kern and Vestine is presented
in Figs, 1lA and B, Bome fteatures of similarity ag well as dissim-

ilarity in correlations of nerthern and southern hemisphere stations

(54)

with solar indices have been aoted by Mariani, using noon values
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of fOF for two c¢leven-year periods, 1937-1947, and 1447-1957, For

2

. ) " : . .
latitudes abo 35N -~ 3 maxina appear in linear regiression coeff.-
cents connecting numler density in the Fz—region with solar parameters,

There are also indicativus of a strong number-densicy dependence in

the aunnual means of t :4 for nearly conjugate stations in the region
(9

30N to 305, Mariani ettributes these effects to duwping of radiation-
5
belt electrons with energies in excess of 40 kev and fluxes of 107 to

6, 2 -4 -3 2
16 /em® sec (energy fluxes 10 to 10 ’ ergfem-), His estimates sre

f
- . . 55,5€
based on the measurements ol low energy electron flux by U'Brien'’”? )

. (57
and Krasovskii, ¢t al,' ) Mariani does nct discuss mechanisms of

-

dumping the particles, However, tha local acceleiration of trapped

particles in the magnetosphere s implicd by such dumping, 7This has

(55,56) Vestime,(Sb’ Chamberlain,

(60Y

been indicated previously by O'Brien,

(59

Kern and Vestine, and Vestine and Kern, Due to the constancy
of a particle's magnetic moment u = (1/2)m v%/B, where m is the mass
of the pasticle, and vy ite spiral velocity, the mirror field Rm
depends on the total kinetie energy of a particle, An increase in
the veloziity of the particle due to some acceleration mechanism means
Bm must increase, r involves a lowering of the mirrsr point, and
a pocssible dumping ot particles., Particles rupplied to the radiation
belts by the Chapman~Ferraro electric field across the tail of the esrth
are locally accelerated by E x B drift into a stronger weznetic field,
The lowering of mirror points due to local accelersticn may also ope
(59)

discussed using the second {or longitudinal) adiabatic iavariant,

and other features of their dynamics <an be clarified,
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( ~ i i X -~ &54)

The varioug phenomens assccisted by Meriani with the dumping

of particles are probabiy modulsted by reguiar seasonal changes in the

. orientaition of the geomagretic field with :rtespect tc the solar wind £:2

EX

S " shown in Fig. 5. A direct effect on averages of the armual-magunetic _

»e

Lo
AL
1

.
i 65 e A S ok g
e
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B Tty re Rt
mw}¢p“ e

-
2

= " " varistion it spparent in Fig. 12, Season dependent changes in the F-

(61) -

- region imv_e been roted, An 1nt'éi-esting seggonai variation appears

ety yr

;__ in t;histlersr.(é‘)l 1heré. i3 also & seasoual effect on the polar-cap

distr;bntioﬁé of :321 electric currents (Fig, 13), z< noted by Nagata, (63)

San?e oF r# 82 effc‘;c;s ray be "elxtea to the seasonel variatior on the
dut:ib\'tion of & Emad-scale electric field withip the magnetosphere.

A nunber nf conjugate-point aff:ects 1nv~:tlving rapid transient changes
- ‘%A./

or pulsatim in €he géamagnetic field atre asasciated witn the appearance
(64)

po)

- . of lonospheric changes-, or with aurora. Thur., lxarang -fcund regular
masnet;c pulsat ions of some minutes period acccmpanying radic sigoals

B i " retumed irom tl\e Lonoaphere. It v,as notéd quite early that pulsations
of auroral illumnntion on occeasion have the sams penod a2 geomagﬁeéic
1:»(:1:satiomiw Vestine ;ound intervals of \Z—eeccnd pulsagious by dire&;

§ timing of an g,uforra.rl ,iivispiay tl_;o_,:t: 'h?:afed ixeairly an hour in 1935.(65) In -

recent j&rs Eﬁheﬁe pi‘xeﬁm:ena !mve; b“ee.\i expioré& extensively and gcr;d cor-

\relntionsu have been astablished ’I;étéeen‘;génetitallf conjugate stations

lby Campb'ell and Leit;bach,(“) Tr;itsicayaL ot 51,,(6_?) and by Csmpbell

- (68> /(;eo;nasne\:ic pula'atic;ua in field not'ed by a ma-gr’aet-g

{69 and

and b'atsusﬁita.
) c:nef er aboard mcplorer 3 were also discussed by Ness, ,g_ al.,

a purber of writets have prwgn\.ed hydromgneti,c theox ies of such

pul‘atigns.(TOgll) e ’ : : )

-7 o Ionosphe.ric efiects have also been discuased uaing models of solar~

€72,73)

cycle’ vurutions in the upper ntmosphere. These ave also effects
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73)

due to storms such as those observed Ly Jacchia( and Pactzold and

Zschoerner.(7a)
An extensive series of papers dealing with general aspects of
ionospheric storms in the F-region has eppeared, (63,75-78,79-85)
Thes.: results will nct be considered in detail here, There is, in
general, considerable temporsl agreement Letween effects noted in
the F~region ind those in geomagnetic storms., Up to a height of abou*
200 km, the storm effects are less pronounced, In ti.e F-region a
thickening occurs on the first day of a storm, and there is cftemn
1583 of ionization later, gexhaps due to ionospheric heating,
A recent reviev of some storm effects ir the F-region has been

(85) He dealt especially with effects noted

given by Somayajulu,
;uring tﬂree severe magnetic’storms, An interesting feature was
the nwontime depression in the height of the F2 maximum of about
i00 km at Washington, D, C,, on the 3torm days as compared with
quiet days; other changes are indicated in Fig, 14, For 42 storms,

Matsushita(ss)

studied average aspects of tha electron density N,
the total ion content in a vertical column of unit area, and the
electron content below various heights of the innosphere, He gna-
lyzed these d~ta according to storm time and SD variations at &
stations., Electron-density profiles on both storm and magnetically-
quiet days were plotted against height and latictude, For thé-SD
variations, most of the results in middle latitudes seem explicable
in terms of electric‘fields of polaxr electrojets, operating on the

ionosphere in combin~tion with the geomagnetic field, For the storm-

time'viriution, Matsushite found an apparent increase in ionization
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occur.ng abov2 the maximum height of the F-region at the beginning

of the wain phases of storms, He suggests that this ionization way

diffuse down the magnetic field lines and, under influence of gravity

and pressure zradients, move to reglons above low-latitude stations.

In slightly higher latitudes a rapid decay process asscciated with

temperature increases in the upper Poragicn in summer may occ“r.(ZO,SA)
The final figure (Fig. 15}, showing variations in phase height

of 16 kc/sec waves, has becn discussed by Ratcliffe and Weekes.(sa)

The effects shovm have bee; interpreted in terms of change in D-region

height, The figure also shows that duzing storms and during the after

£ield of storms there are nighttime changes of special interecst,



1z,

13,
14,
15,
16,
17.
18,
19,
20,
21,

22,

Viig -19-

REFERINCES
Stewsrt, B,, Encyclopeiia Britamnica, 9th ed,, 16 (1882), 181,
Chapman, S,, Phil, Trans, Roy. Soc, (A), 218 (1919), 1.

Birkeiand, K., Norwegian Aurora Polaris Expedition, 1902-1903,
Christienia, K. Aschehaug (1938), .

Chapman, S,, and V., C, A, Ferraro, Terf. Mag., 36 (1931), 77,
171 37 (1932). 147, 421, 38 {1933}, 79; 45 {(1940), 245,

Parker, E, N,, Physics of Fluids, 1 (1958}, 171.
Cole, K, D, Geophys. J., 6 (1961), 103,

Dessler, A, J., W, B. Hanson and E, N, Parker, J, Phys, Soc,
Japan, 17, Supp A-1 (1962), 178,

" Kern, J. W., J. Geophys, Res,, 67 (1962), 3737,

Kellogg, P, J., . Geuphys, Res,, 67 (1962), 3805.
Wells, H, W., Terr, Mag., 52 {(1947), 31=5.

=gy, Voy J. At, Terr, Phvs,, Suppl,, Proc. Polar Armosphere
Symposium, Part I. (1957), 129,

Hakura, Y,, Repcxt Ionusphere and Space Reseavch, Japan, 15
(1961), 1,

Matsushita, 8., J. Geomag. Geoelec,, 5 (1953), 109,

Martyn, D, F,, Nature, 1&7 (1951), 92,

Nagata, T,, Rep,, lonosph, and Space Res,, Japan, 14 (1966}, 247,
Fukushima; N., J. Fac., Sci,, Tokye Univ,, 8 (1953), 293,

Kern, J, W,, J, Geophys.Res,., 6o (1961}, 1290,

Feler, J. A., J, Geophys, Rer., 68 (1%63), 2147,

Swift, D. W., J. Geophys, %es,, 68 (1963), 2131,

Ratcliffe, J, A,, J. Phys, Soc, Japan. 17, Supp A-1 (1962), 274
Mirono, M., and H, Maeda, Rep, Ionosph, Res., Japan, 9 (1955), 86,

Vestine, E, H,, J, Geophys, Res,, 5% {1953), 331,



2y

33,

34,

35,

36,

37.

38.

39,
&0,
41,

42,

43,

VI ‘20

Wulf, O, R., J. Geophys, Res., 58 (19353), 531.

Axford, W, 1,, and C, O, Hines, Can. J. Phys.,, 39 (1961), 1433.
Chapman, S., and J, Bartels, Geomagnetism, Oxford (1940).
Stayashi, T., J. Phys, Soc. Japan, 17, Supp A-2 (1962), 572,
Eiliott, H,, J. Phys, Soc, Japsn, 17, Supp A-2 (1962), 588,
lossi, B., J. Phys, Soc, Japan, 17, Supp A-2 (1962), 615.

Reppner, J. P,, N, F, Ness, T, L, Skillman, and C, S. Scearce,
J. Phys, Scc, Japan, 17, Supp A-Z (1962), 546,

Heugebauer, M,, and C. W, Snyder, Science, 133 (1952), 1055,
Packer, E. N., J, Phys. Scc. Japan, 17, Supp A-2 (1962), 563,

Wulf, 0, R,, and 8, B, Nicholson, Pub, Astron, Soc, Pacific, 60
{1948), 37.

Kitamura, M., J, Phys, Soc. Japan, 17, Supp A-2 (1962), 578,

Spreiter, J. R., and B, R, Briggs, J. Ceophys. Res,, 66 (1961;,
1731,

‘Zhigulev, V. N., and E. A. Romishevskii, Dokl. Akad, Nauk., SSSR,

127 (1959), 1001,

Ferraro, V. C. A., J, Geophys. Res. (1960), 3951.

Prank, L, A., J. A, Van Allen, and E, Macagno, Charged Particle
Observations in the Earth's Outer Magnetosphere, State
University of lowe, SUT-63-10,

Cahill, L, J., Explorer Magnetometer (paper presented at 44th
Annual Meeting of American Geophysical Union, April 17-20, 1963),

Northrup, T. G., Phys, Rev., 103 (1956), 1150,
Dessler, A, J,, J, Geophys, Res,, 67 (1962), 4892, -
Kern, J. W,, and E, H, Vestine, J, Geoph¥vs, Res., 66 (1961), 713,

Rose, D. J., and M. Clark, Jr,, Plasmas smnd Controlled Fusiom,
MIT and John Wiley (1%61),

Chamberlain, J., Astr, J,, 134 (1961), 401; 136 (1962), 678,

" Dungey, J. W,, The Physics of the Yonosphere, Physical Sociecy,

London (1954).



45,
46,

47,

49,

50,

51,

58,

59,

60,
61,
62,
63,
64,

65,

VIII -21-

Piddington, J, H., Planet, Space Sci,, 9 (1962), %47.
Parker, E. N., Space Sci, Rev,, 1 (1962), 62,

Dessler, A, J., and E, N, Parker, J. Geophys. Res., 64 (1953),
2239,

Gold. T., vas Dynamics of Cosmic Clouds, ed. H, C. van de Hulst
and J. M, Burgers, Norta-Holland Publ, Co., Amsterdam (1955},

Baker, W, G., ard D, F, Martyn, Phil, Trans, Roy., Soc. (&),
249 {1953), 281,

Singer, S, F,, Trans. Amer, Geophys. Union, 38 (1957), 175.

Akasofu, S.-I.. and S. Chapman, IAGA Symposium on Rapid

Variations, Utrecht, 1-4 September 1959, Urania No. 250,

Tarragona (1960), 1,

Vestine, E, H., 4unals N. Y, Acad, Sci,, 95 (1961), 3,

Alfven, H., Cosmical Electrodynamics, Clarendcon Press, Oxford (1950).
Mariani, ¥., BEvidence for the effect of corpuscular radiaticn on

the ionosphere, Goddarl Space Flight Centex, Greenbelt, Maryland,
Repors X-615-63-94 (1963},

0'Brien, J., J. Geophys. Res., 67 (1962), 3687,

0'Briea, J., Space Sci, Rev., 1 (1962-1963), 415,

N

Krasovskii, V. I,, 1. S. Schklovskii, Yu, i. Gal'perin, E. M,

Svetliskii, Yu,, M, Kushuir and G. &, Bordovskii, Planetary .
Space Sci., 9 (1962), 27, i
Vestine, E, H., J. Geophys. Res., 65 (1960}, 360,

Chamberlain, J. C,, J. W. Kern, and R, H, Vestine, J. Ceophys.
Res,, -65 (1960), 2535,

Vestine, E. H,, and J. W, Kern, J. Gecphys. Res., 66 (1961), 989,
Berkner, L, V., and H. W, Welis, Terr. Mag,, 43 (1938), 15,

Lasspere, T., G. Morgan, AND W, C. Jomnson, I.E.E.E,, S (1963), 554.
Nagata, R., Report Lonosph, and Space Res,, Japsn, 8 (1954), 39,
Harang, L., Geophys. Publikasjoner, 13 (1941), 121,

Vestine, E. H,, Terr, Mag., 48 (1943), 233,

5%

=



R

66,

67.

68,

69,

75.
76,

77,
78,
79.
80,
81.
82,
83,

84,

85,

Canpbell, W, H,, and H. Leinbach, J. Geophys. Res,, (6 (1961), 25,

Troitskaya, V., A., L, A, Alperovich; ¥, V, Meinikova, and G, A;
Bulatova, J, Phys, Soc, Japan, 17, Supp A-2 (1962), 63,

Campbell, W, Ii,, and 5, Matsughita, J, Geophys, Res., 67 (19G2Z), 555,

Ness, N, ¥,, 1., L. Skillman, <, S, Scearce, and J,. P, Heppuer,
J. Phys, Soc, gsapan, 17, Supp A-2 (1962), 27.

Sugiura, M., J, Geophys, Res., 66 (1061), 4027,

Kato, Y., and T, Saito, J. Phys. Soc, .lapan, 17, Supp A-2 (1962), 34,
Harris, I,, and W. Priester, J, Geophys, Res,, 67 (1962), 4585,
Jacchia, L, G,, Nature, 183 (195%), 1662,

Paetzold, H. K., and H, Zschoerner, Space Researchk II, H, C, van
de Hulst, et al,, eds,, North-llolland Publ, Cc,, Amaterdam {1961),

Appleton, E, V., sad G, Ingram, Nature, 13€ (193%), 548,

Berkner, L, V,, S. L, Seaton, aud H, W, Wells, Tews, HMag,, 44
(1939, 263,

Appleton, E, V,, and W, R, Piggott, 2 'At. Terr., 7hys., 2 (1952}, 236,
Martyn, D, F., Proc, Roy, Soc. Lond : (A), 218 f}953), 218,

Sato, T., J. Geomag. Geoelec,, 8 ( 6), 124,
Obayashi, T., J, Geomag, Gecelec,, 6§ {1454y "~

Obayashi, T,, and Y, Hakura, J, Radio Res, Lar_ , uapan, 7 (1940}, 27,
Sinno, K,. Report Ionosph. and Space Res,, Japan, ¢ (1955}, 166,
Matsushita, S., J, Geophvs, Res., 64 (1959), 305; 68 (1963), 2595,

Ratcliffe, J, A, and K, Weekes, Physics of the Upper Atmosphere
(J, A, Ratcliffe, ed,), Academic Press, London (1960),

Somayajulu, Y, V., J, Geophys, Res,, 68 (1963), 1899,



—
7

/ |
i Derec?ion of ad-
vance ofsiream
/ surface

Fig.1--Succesrive ecuatorial sections of the
surface of advancing stream

\ 1\

L’

(after Chapman and Ferraro)



STREAM

70 THE SUN
>——p

W wm—— . Ao —— o —— T L

STREAM

A Y

ARTRRCR Y

Fig.2- Equitorial section of magnetospheric boundary

(afrer Chapman and Ferraro)

W G vy AR A



//‘/Omn Cf Enrin

Fig.3--Extension of the general solar field by
an idealized uniform quiet-day solar wind of
300 km/sec in the solar equatorial plane

(after Parker)



|
i T /\,W\ T AT
+ ¥ e !

Oh 3n 24h
1243 SEPT 26

' oh 5 ]

h
1943 OCT. 24 24k

- e e e e ,—/\\Q.J‘A*"\/\
st o ; NN V\_/-’""“““‘\/"\f\
t

Oh Ih
1943 NOV.19 26h
e rng, B 8 Ww
] i
Oh 3h i
1943 DEC.16 245
i K A
\8h !
1944 JAN, 10 24h
e et et T e ~. MNN\A\%‘M
1 1
Oh Sh |
1934 FEB 7 244

Fig.4--Tracings from the records of the horizontal component of
the earth’s magnetic fieid recorded at Mount Wilson, showing
portions at the time of six zbrupt onsets

(after Wulf and Nicholson)



T T YT T T T T T T T T T 30

- :

" N

- J
20} - - 20

» \\ -

10+ \ -4 10
B \ 7

Scoie of distance (earth radii)

Mp o
23'/2° |
Carth Gipole —Iv _4'
' ~
_ ‘S .
Sun-earth line »/ S"U\,N

\

—— ™
L . i ! i 1 il i | i I\ i
20 10 0 10

Scole of distance (earth radit)

A —
-

Fig.5~-Form of boundsry of magnetosphere in the meridian plane
containing dipole axis and sun-earth line, winter solstice



(ouBeden pue ‘uallV UeA .xcwum_uwummv ,

>Hw pue 1IX muouoawxm yIfs mmwswams 58
aueld 1e1x038Mb3 u.mu,,mawma;mﬂu uy (A9 Q¥ < q) suoaIONA3
30 XnlJ TRUOTIDBATPFUEO JUB3SsULD JO SIANOINCD humﬁo«umuw:aumna‘-o.WHw,

Lo

938 B/ AR ,
\ .%ﬁ«ﬂﬁ.& | fam—— . ’ . ) "
' ) -}

'

ot 40 WLV D Dvores S8 G

4 X SRR

WAL UiavE HONM HI SHO Nt y, .
-~ ’

N : 1 -~
PR _,, ‘..IJ.I....?‘ : J
X @Y SH3UCTXI HLIM TRuNSYIN S ,

SY INVd WISOLVIOZ DILINOWR i , fo r )
JHL NI (AHOBZ 3) SNORLOTTI . e _

40 X075 “TWNOLLOHIAININO ANVLSNODY N v N o

’ 40 SHNOINOD >§.r<,_.w.;m4=6 A
‘ ) :U 9 . J. ) o B >
) ,:; N , .,v. )
. X ; Ty _ s : -

[y

<

. ' I ' . ’ ,
i ..,,ﬁfg%_ﬁ%fi% AR i o, v A o i
. . R . .

L

- ,._ _ . :, . ,
- - ~.. A <
. SR _.., \

.o o A .-_

\ ‘ f .
. N ) R N . ::
B N ' . 2 (Y ' LY .
. N B B R ¢



X Uniform B

lon
extess :
3

Appraximately uniform drift
- of beam - =

lon
orbits
\

]

VB

Electron
excess

Fig.7 -Schematic representation of typical particle orbits and
miAgnitude of electric field iu a dense beam of jons and
electrons crossing a magnetic induction B. The beam

is assumed to be thick in the B-directionm.

(after Rose aqd Clark)
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Fig.13 --The additional sunlit polar cap current
pattern. Sq(S?) (Electric current between
adjacent lines is 2 x 10¢% amp)

%. (after Nagata)
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VAN ALLEN RADJ-ZION: EXPERIMENTAL RESULTS

by

- 3. J, O'Brien

Rice University

ABSTRACT

The experimental kuowledge and-theoretical understanding of Van Allen

radiztion iu ihe outer regions of the magnetosphere are summarized. The

F O Y S X S T PR

regicm oufr fu geccentric radial distamces of 10 to 15 earth radii is occupiad

i by gecmagnelically- .rapped protons and electrens. whose energy spe:tra generally

E 7
get softer further from the earth. Typical electron fluxes are .. 10 te 108

-1

-2 . .
particles ¢m " .sec = for electrons with energy above 40 kev, Typical proton

[

fiﬁxes above ~ 100 kev are of the same urder of magr tude. The electron

fluxes af% larger temporal fluctuwations than the protons, with particularly -
- _7 pronouncad cbanges”during'geomagnetic,storms. The perticles are trapped within

the ordered magngtosphete within geocentric tadial distances less than about 10

earth radii., Towards the outer boundary of trapping are geuerated inteuse fluxes

of eiectrons 'nat cause aurovas. These electroné are too numerous to be simply

old_Van Allr n electrons, hut the interrelation of Van Alleg and auroral electrons

is unclea". There is no theory rhat even begins to explain the source of Van

Allen or auvoral ﬁarticles.
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